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INTRODUCTION 

Organisms o f  the genus Pseudomonas are w ide ly  d i s t r i b u t e d  i n  the environment and 
are found i n  h igh -su l fu r  content  coals .  
1 i t ho t rophs  which requ i re  minimal organics f o r  growth. 

desu l fu r i za t i on  o f  bituminous coa ls  and l i g n i t e  (1,2). However, P. aemginona was 
much less  e f fec t i ve  than P. putida. Incubat ion o f  these organisms a t  temperatures 
l ess  than 37°C could favo r  growth o f  P. pcLtida over P. aewginona s ince optimum growth 
of P. pLLtida occurs a t  26OC (3) .  Fur ther ,  incubat ion o f  these organisms i n  the  p re -  
sence of semi-pur i f ied sources o f  inorganic  s u l f u r s ,  such as p y r i t e  (PYR), marcas i te  
(MAR), and melanter i te .  (MEL), o r  organic  s u l f u r  such as dibenzothiophene (DBT) could 
r e s u l t  i n  r e s t r i c t e d  growth o f  the organisms. F i n a l l y ,  d i f f e rences  i n  the enzymatic 
p r o f i l e  o f  the organisms could suggest poss ib le  niechanisms o f  s u l f u r  processing. 

The prupose o f  the present study was t o  cha rac te r i ze  P. aauginona and P. pu f ida  
i n  t h e i r  a b i l i t y  t o  desu l fu r i ze  coals  and t o  evaluate t h e i r  performance w i t h  s p e c i f i c  
na tu ra l  sources o f  inorganic  and organic  s u l f u r s  known t o  be cons t i t uen ts  o f  coals .  
The r e s u l t s  show t h a t  P. amg&ona  un i fo rm ly  grows b e t t e r  t h a t  P. pLLtida i n  the p re -  
sence o f  the s u l f u r  sources and coals  and suggest t h a t  the mechanism of d e s u l f u r i z a t i o n  
i s  no t  s i m i l a r  t o  t h a t  o f  the genus Tkiobacieeub. 

These organisms are s t r i c t l y  aerobic  chemo- 

Pre l iminary s tud ies i nd i ca ted  t h a t  P. aehuginosa and P. p d d a  may f u n c t i o n  i n  

EXPERIMENTAL 

Organisms 

Pseudomom aewginosa (ATCC 27853) and Pnuudomonm p d d a  (ATCC 12633) were 
obta ined i n  pure c u l t u r e  from the American Type Cu l tu re  Co l l ec t i on ,  Rockv i l l e ,  ND. 

Media - 
P. a m g i n o s a  and P. plLtida were maintained a t  5°C on minimal agar s l a n t s  con- 

s o l u t i o n  A [potassium dihydrogen phos- t a i n i n  the f o l l o w i n g  i n  g / l ,  f i n a l  volume: 
phate Q3.0), disodium hydrogen phosphate (6.0), ammonium c h l o r i d e  (2.0), sodium 
c h l o r i d e  (5.0), agar (15.0) i n  800 m l  w i t h  deionized, d i s t i l l e d  H z O ] ;  s o l u t i o n  B 
[glucose (&.a), magnesium s u l f a t e  (0.1) i n  200 m l  w i t h  deionized, d i s t i l l e d  HzO]. 
Solut ions A and B were autoclaved a t  15 p s i  f o r  15 minutes and then a s e p t i c a l l y  
combined a f t e r  cool ing.  The f i n a l  pH was 7.0. A l l  reagents were obtained f rom WCB, 
except as noted. For experiments, HPLC-grade H20 (Burdick & Jackson Laborator ies,  
Inc. )  was used, and agar was no t  incorporated. Nhere o the r  ma te r ia l s  were used as 
s u l f u r  sources, magnesium s u l f a t e  was replaced by magnesium ch lo r i de .  
experiments, the organisms were grown i n  a n u t r i e n t  b r o t h  (DIFCO) con ta in ing  beef 
e x t r a c t  (3.0 g / l )  and peptone ( 5  g / l ) .  T r y p t i c  soy b r o t h  (DIFCO) served as a com- 
p l e t e  medium and contained the f o l l o w i n g  i n  g / l :  t r yp tone  (17.0), soytone (3.0), 
dextrose (2.5), sodium ch lo r i de  (5.0), dipotassium phosphate (2.5 g) i n  1.0 1 w l t h  
deionized, d i s t i l l e d  H20 p r i o r  t o  autoc lav ing.  

I n  shaker- f lask 
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Coal and Sulfur Sources 

Samples of I l l i no i s  #6 bituminous coal and l i gn i t e  were obtained from Amax Coal 
Company. The coal samples were ground in a ball-mill and  seived t o  147-1651 pm par- 
t i c l e  size f o r  shaker-flask experiments or to  a fine powder fo r  other experiments. 

Samples of pyrite (FeS2), marcasite (FeSz), and melanterite (FeSOb-7H20) were 
obtained from the Department of Geology, Texas A & I  University. These samples were 
ground to a f i ne  powder equivalent in par t ic le  size t o  the coal samples. 
(>99.9%) pyrite was obtained from the Aesar Group, Seabrook, N t l .  
served as experimental sources of inorganic sulfur.  

a model organic su l fur  source. 

Organism and Enzyme Assays 

was made prior t o  each experiment, using 20 standardized biochemical and carbon assimi- 
lation tes t s .  
assays were obtained from DMS Laboratories, Inc., Farmington, NJ, and  were performed 
according to  standard protocols provided by the manufacturer. 

High-purity 
The forgoing samples 

Dibenzothiophene (DBT)waS obtained from Aldrich Chemical Company and served as 

Positive identifiaction and the purity of cultures of P. aenuginom and P. pLLtida 

Systematic and rapid semi-quantitative microanalysis of 19 enzymatic 

Analytical Procedures 

I l l ino is  #6 coal and l i gn i t e  samples were analyzed for  to ta l  sulfur by the Eschka 
method and py r i t i c  and su l fa te  sulfur content was determined by chemical procedures 
(D-2494-79) described by the American Society of Testing Materials (3,4).  

Filtered coal samples were washed with d i lu te  hydrochloric acid followed by dis- 
t i l l ed  water t o  remove trace adsorbed su l fa te  and iron. 
sulfate and to ta l  iron. The Eschka method was used t o  estimate to ta l  sulfur content 
in coals. Extraction of 1 g coal samples by d i lu te  hydrochloric acid was followed by 
turbidimetric determination of su l fa te  ( 4 ) .  Extraction of weighed coal samples with 
Z N  ni t r ic  acid was followed by t i t r imet r ic  determination of iron (5) as a measure of 
pyrit ic sulfur content. 

Microbial Methods 

The f i l t r a t e  was analyzed for 

Shaker-flask experiments were conducted t o  determine the effectiveness of 
P. U e h u g i n O A U  and P. putLdu in removal of pyr i t ic  sulfur from coals. Weighed samples 
of coal were placed i n t o  250 ml Erlenmayer flasks and suspended i n  75 ml nutrient 
broth. The flasks were charged with 5 ml of bacterial ce l l s  adjusted to  lo9 cells/ml. 
Incubation was allnwed t o  proceed a t  3OoC for  periods between 5-7 days in a shaker-bath. 
Following incubation, to ta l  and pyr i t ic  sulfur content of the coals were determined as 
previously described. 

the i r  response t o  the presence of saturating and d i lu te  levels of pyrite,  marcasite, 
melanterite. and dibenzothiophene. 
t o  their  enzymatic patterns.  

Preliminary growth  experiments were performed in 13 x 100 mn screw-cap tubes con- 
taining 5.0 ml of complete medium and 0.1 g of ovr i te ,  marcasite, or melanterite. The 
tubes containing the medium and sulfur sources were autoclaved (15 psi ,  15 minutes), 
cooled, and inoculated with 0.1 ml of a suspension of an 18-hour mid-log phase culture 
o f  bacreriai c e i i s ,  adjusted to  an optical density o f  0.75 Asso (IO9 cells/ml) u s i n g  a 
Baush and Lomb Zpectronic 20 spectrophtometer. 

P. aekuginosa and P. pLLtidn were evaluated under various growth conditions for 

The organisms were also characterized with regard 

The tubes were incubated with occasional 
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shaking i n  water baths adjusted t o  temperatures between 20°C and 40OC. Growth o f  
the organisms was monitored t u b e r i d i m e t r i c a l l y  by f o l l o w i n g  adsorbance a t  540 nm. 
A f t e r  55 hours, t he  c e l l s  were removed by c o n t r i f u g a t i o n  (10,000 x g) ,  and the  pH 
of t he  medium was determined f o r  each tube. 
P. auug inonn  and P. p d d a  was fol lowed i n  tubes conta in ing chemical ly -def ined 
minimal medium and d i l u t i o n s  o f  the s u l f u r  sources and coals. 0.1 g of p y r i t e ,  
marcasite, me lan te r i t s .  dibenzothiophene, bituminous coal ,  o r  l i g n i t e  was added t o  
10 m l  o f  HPLC-grade H20, autoclaved, and al lowed t o  stand overn ight .  
suspensions was added t o  4.0 m l  o f  s t e r i l e  s o l u t i o n  A. 
f i e d  by c e n t r i f u g a t i o n  and the  saturated supernate used t o  make 10- fo ld  d i l u t i o n s  of 
the su l fu r  sources. 
A. 
ch lor ide.  Each tube received 0.1 m l  o f  P.auuginona o r  P. pLLtida grown t o  mid- log 
phase i n  18 hours a t  3OoC i n  the chemical ly-defined minimal medium con ta in ing  on ly  
magnesium s u l f a t e  as a s u l f u r  source. 
w i t h  s o l u t i o n  A w i thou t  magnesium s u l f a t e  and the inoculous c u l t u r e  was adjusted t o  
an o p t i c a l  dens i t y  o f  1.75 Ask,,. 
organism was fo l lowed spect rophotometr ica l ly  f o r  45 hours. The c e l l s  were then r e -  
moved by c e n t r i f u g a t i o n  and the pH o f  the medium i n  each tube was determined. 

I n  o the r  experiments, growth o f  

0.5 m l  Of these 
The suspensions were c l a r i -  

0.5 m l  o f  these d i l u t i o n s  were added t o  4.0 ml of s t e r i l e  s o l u t i o n  
A l l  tubes received 0.5 m l  o f  so lu t i on  B con ta in ing  autoclaved glucose and magnesium 

P r i o r  t o  i nocu la t i on ,  the organisms were washed 

The tubes were incubated a t  30°C and growth of t he  

RESULTS AND DISCUSSION 

1. Microbia l  Desu l fu r i za t i on  o f  Coals by Organisms o f  the Genus Pneudomonas. 

Pre l iminary i nves t i ga t i ons  were conducted f o r  p y r i t e  d e s u l f u r i z a t i o n  o f  I l l i n o i s  #6 
(Her r i n  Coal),  I l l i n o i s  #6 ( Z i e g l e r  Coal) and Atascosa-McMullen l i g n i t e .  
(As Received) p y r i t i c  s u l f u r  content  o f  I l l i n o i s  #6 (Her r i n  Coal) was 4.9%; I l l i n o i s  #6 
(Z ieg le r  Coal),  4.2%; and Atascosa-McMullen l i g n i t e ,  1.9%. 
PAULdOmOmA auug inana  was found t o  be bare ly  e f f e c t i v e  (about 28%), whereas PneudomoMa 
pLLtida reduced the p y r i t i c  s u l f u r  content o f  I l l i n o i s  #6 (Her r i n  Coal) 147 pin p a r t i c l e s  
and t h a t  o f  Atascosa-McWullen l i g n i t e  147 um p a r t i c l e s  by approximately 75%. The desul -  
f u r i z a t i o n  r a t e  for  t he  H e r r i n  Coal was about 659 m g / l i t e r  x day, f o r  the Z ieg le r  Coal, 
557 m g / l i t e r  x day and t h a t  f o r  Atascosa-McMullen l i g n i t e  about 288 m g / l i t e r  x day f o r  
the i n i t i a l  6 day per iod.  The data on the e f f e c t  o f  p a r t i c l e  s i z e  d i s t r i b u t i o n  on the  
r a t e  o f  p y r i t e  d e s u l f u r i z a t i o n  i s  presented i n  Table 1 w i t h  organisms of Genus 
Pneudomonan. 

2. 

The i n i t i a l  

In the l abo ra to ry  experiments 

Character izat ion o f  Organisms o f  Genus Pbeudomonan. 

P. a u u g i n o n a  i s  d i f f e r e n t i a t e d  from P. pLLtida i n  i t s  product ion o r  use o f  n i t r a t e ,  
urease, g e l e t i n ,  n-acetylglucosamine, and adipate. A l l  o the r  biochemical and carbohy- 
drate u t i l i z a t i o n  t e s t s  were i d e n t i c a l  f o r  both organisms. 

Enzyme p r o f i l e s  were prepared on the organisms. No major d i f f e rences  were observed 

Incubat ion o f  the organisms i n  the  pre-  
i n  the  enzymatic p r o f i l e s  o f  the two organisms when grown i n  the  absence o f  t h e  s u l f u r  
o r  coal sources except those l i s t e d  i n  Table 2. 
sence o f  PYR, MAR, MEL o r  DBT as s u l f u r  sources had no marked e f f e c t  on any o f  the 
enzymes tested.  

P. a w g i n o b n  and P. pLLtida were grown i n  complete medium i n  the presence o f  
sa tu ra t i ng  l e v e l s  o f  p y r i t e ,  marcasite, and me lan te r i t e  a t  temperatures between 20 and 
4OOC. 
w i t h  the  growth o f  e i t h e r  organism and, i f  no t ,  what temperatures would permi t  equ iva len t  
growth ra tes  f o r  both organisms. 

An o b j e c t i v e  o f  t h i s  experiment was t o  determine i f  these ma te r ia l s  in terPered 

The r e s u l t s  o f  t h i s  experiment a r e  summarized i n  Table 3. 
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TABLE 2 .  ENZYMATIC DIFFERENCES WITHOUT SULFUR AND COAL SOURCES. 

ENZYME/SUBSTRATE P. aehuginoba P .  p h d a  
ACTI v ITY a 

L ipase  esterase/2-naphthyl-capryl a t e  30 
L i  pase/2-naphthy l  -myri s t a t e  10 
A c i d  phosphatase/Z-naphthy l  -phosphate 5 
All enzymeslno s u b s t r a t e  0 

5 
0 
30 
0 

Nanomoles s u b s t r a t e  h y d r o l y z e d  i n  4 hours.  
a  

TABLE 3. INFLUENCE OF INORGANIC SULFUR SOURCES ON THE GROWTH OF 
P. UehUginOba and P. pu t ida .  

GROWTH 
TEMPERATURE, ("C) 

20 R (PYR, MAR, MEL) N 
25 R (PYR, MAR, MEL) R (PYR, MAR, M E L )  
30 R (PYR, MAR, N E L )  R (PYR, MAR, N E L )  
37 R (MAR, MEL) R (PYR, MAR, M E L )  
4d R (PYR, MEL)  N 

R e l a t i v e  t o  c o n t r o l s ,  w i t h o u t  PYR-, MAR o r  MEL as s u l f u r  sources ,  g r o w t h  o f  
o rgan isms i s  rep ressed  ( R )  o r  n o t  rep ressed  ( W )  by s a t u r a t i n g  l e v e l s  o f  t h e  
s u l f u r  sources  i n  comple te  mediums. 
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A t  20°C, growth o f  P. aauginosa was ~ 0 . 4  A5,0/45 hours and the  presence o f  
p y r i t e ,  marcasite, and me lan te r i t e  f u r t h e r  r e s t r i c t e d  growth 20.2 A,,,/45 hours. 
A t  25"C, the growth o f  P. aehuginosa improved. 
peratures z30°C t y p i c a l l y  1.5 As40/45 hours. Stat ionary phase o f  growth was no t  
reached u n t i l  a f t e r  45 hours o f  incubat ion.  
genera l l y  r e s t r i c t i v e  a t  any incubat ion temperature. 
reached s t a t i o n a r y  phase between 15 and 20 hours o f  incubat ion.  

Maximum growth was reached w i t h  tem- 

The presence o f  the s u l f u r  sources was 
A t  o r  above 37"C, P. aehuginosa 

P. pcLtida grew s lowly  a t  20"C, t y p i c a l l y  reaching S0.4 Asko/45 hours. Above 
2OoC, the presence o f  p y r i t e ,  marcasite, and me lan te r i t e  was no t  r e s t r i c t i v e  t o  growth. 
P. p h d a  grew b e t t e r  a t  25'C w i t h  o r  w i thou t  the s u l f u r  sources. 
P. pLLtida was achieved 130C, t y p i c a l l y  being 21.4 ASk0/45 hours. 
o f  P. p d d a  a t  temperatures 43O0C i n  the presence o f  the s u l f u r  sources was genera l l y  
repressed, be ing  t y p i c a l l y  20.8 A,,,/45 hours. E leva t i on  o f  incubat ion temperature 
above 37OC r e s u l t e d  i n  low- level  growth o f  P. pcLtida (S0.6A540/45 hours) w i t h  o r  w i th -  
o u t  t he  s u l f u r  sources. 

Maximum growth of 
However, the growth 

Fol lowing i ncuba t ion  o f  P. U U L U ~ ~ W A U  and P. p W a  w i t h  o r  w i thou t  t he  s u l f u r  
sources, the pH o f  t he  medium was monitored. The r e s u l t s  are shown i n  Table 4. I n -  
cubat ion o f  t h e  organisms i n  the presence o f  the s u l f u r  sources f o r  45 hours d i d  no t  
r e s u l t  i n  lower ing o f  t he  pH o f  t he  medium r e l a t i v e  t o  con t ro l s  w i thou t  t he  s u l f u r  
sources. 

TABLE 4. EFFECT OF SULFUR SOURCES ON pH OF MEDIUM. 

TREATKENT 

None 
P y r i t e  
Flarcasi t e  
Me lan te r i t e  

'PH OF  MEDIUM^ 
P. aehuginosa P. putAda 

7.2 f 0.1 
7.3 f 0.1 
6.9 f 0.4 
7.2 f 0.1 

7.3 * 0.1 
7.0 f 0.3 
7.3 f 0.1 
7.1 f 0.1 

a Average o f  pH o f  a l l  tubes (n = 20) o f  a g iven treatment f o r  a g iven organism 
incubated between 20 and 4OOC. 

P. a m g i n o s a  and P. pcLtida were grown i n  a chemical ly -def ined minimal medium 
con ta in ing  va r ious  s u l f u r  sources. 
of the s u l f u r  sources o r  coals  was, i n  general,  rep ress i ve  t o  the growth o f  bo th  
organisms and t o  P. pLLtida more than P. a m g i n o m .  
o f  the s u l f u r  sources by d i l u t i n g  from a p o i n t  o f  s o l u t i o n  sa tu ra t i on  d i d  not  r e s u l t  
i n  subs tan t i a l  e f f e c t s  t o  the arowth o f  e i t h e r  organism. 
b e t t e r  when t h e  i n d i v i d u a l  s u l f u r  sources were provided r a t h e r  than the coals .  
pH o f  the medium a f t e r  55 hours o f  incubat ion remained near n e u t r a l i t y  and was no t  
s i g n i f i c a n t l y  d i f f e r e n t  f rom con t ro l s  w i thou t  the s u l f u r  sources. 

The r e s u l t s  a re  shown i n  Table 5. The presence 

An attempt t o  l i m i t  a v a i l a b i l i t y  

Growth o f  P. p d d a  was 
The 

CONCLUSIONS 

The r e s u l t s  f r o m  the  p re l im ina ry  m ic rob ia l  d e s u l f u r i z a t i o n  o f  I l l i n o i s  #6 and 
Texas l i g n i t e  by t h e  organisms o f  the Genus Pseudomonas show t h a t  P. p d d a  was much 
more e f f e c t i v e  than P. aemginosa. 
o f  I l l i n o i s  #6 as w p l l  as l i g n i t e s  hy 69 t o  76% i n  5 t o  7 days fo r  coal p a r t i c l e s  
from 147 pm t o  1397 Whereas P. amuginoda was ha rd l y  e f f e c t i v e  (26 t o  32.5%) i n  
reducing the p y r i t i c  s u l f u r  content  o f  I l l i n o i s  #6. 

The P. pLLtida reduced the p y r i t i c  s u l f u r  content  

6 



TABLE 5. GROWTH OF ORGANISMS I N  CHEMICALLY-DEFINED MINIMAL MEDIUM. 

AVERAGE G R O Y T H ~  
SA7 URATE D DILUTED 

ME D I UM MEDIUM ORGAN  ISM^  TREATMENT^ 
PYR 

MAR 

MEL 

DBT 

BITU 

LIGN 

P 
A 
P 
A 
P 
A 
P 
A 
P 
A 
P 
A 

0.40 f 0.01 
0.81 f 0.01 
0.40 ? 0.02 
0.68 f 0.01 

0.72 f 0.02 
0.50 i 0.01 

0.39 f 0.01 
0.59 ? 0.03 
0.34 ? 0.01 
0.59 f 0.02 

0.57 ?r 0.01 
0.39 f 0.01 

0.43 f 0.01 
0.58 f 0.01 
0.48 ? 0.01 
0.68 f 0.02 

0.60 f 0.03 

0.63 f 0.02 

0.31 5 0.02 

0.53 f 0.03 

0.38 f 0.01 
0.64 f 0.01 
0.46 f 0.03 
0.64 f 0.01 

a S u l f u r  sources: p y r i t e  (PYR), marcas i te  (MAR), me lan te r i t e  (NEL), dibenzo- 
thiophene (DBT), bituminous coal (BITU), l i g n i t e  (LIGN). 
Organisms: P. aehuginona (A) ,  P. pLLtida (P) .  
A l l  Ask, ,  values averaged along growth curve f o r  55 hours a t  30°C. 
averages then averaged f o r  sa tu ra ted  medium (n=4) conta in  p a r t i c u l a t e  s u l f u r  
sources or  d i l u t i o n s  (n=12) o f  t he  s u l f u r  sources. 

These 

P. aehuginona and P. pLLtida were cha rac te r i zed  by standard enzymatic and carbon 
a s s i m i l a t i o n  t e s t s  t o  assure the  p u r i t y  o f  the microorganisms. 
o f  o the r  enzymatic a c t i v i t i e s  i nd i ca ted  semiquan t i t a t i ve  d i f f e rences  between the  two 
microorganisms which could n o t  exp la in  the observed d i f f e rences  between t h e i r  a c t i v i t i e s  
r e l a t e d  t o  p y r i t i c  d e s u l f u r i z a t i o n  o f  coals. 

P. pLLtida was obtained a t  30"C, and t h i s  temperature was used i n  f u r t h e r  s tud ies.  
presence o f  p y r i t e ,  marcasite, and me lan te r i t e ,  a l though n o t  t o x i c  t o  the organisms, 
was genera l l y  repress ive t o  t h e i r  growth w i t h  P. pLLtida being q u a l i t a t i v e l y  more l a b i l e  
than P. aenuginosa. Incubat ion o f  both P. aenuginona and P. pLLtida f o r  l ong  per iods 
w i t h  o r  w i thou t  the s u l f u r  sources d i d  n o t  s i g n i f i c a n t l y  a l t e r  the pH of t he  medium, 
suggesting t h a t  these organisms process s u l f u r  by d i f f e r e n t  mechanism than t h e  organisms 
o f  t he  genus T k i o b a c i e e u d .  

Pre l im ina ry  screening 

I t  was f u r t h e r  observed t h a t  the equ iva len t  growth f o r  both P. aenuginona and 
The 
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MICROBIAL DESULFURIZATION OF BITUElINOUS COALS 

Charan j i t  Rai 

Department o f  Chemical & Natura l  Gas Engineering 
Texas A & I  U n i v e r s i t y  

K i n g s v i l l e ,  Texas 78363 

INTRODUCTION 

Our environment has cons tan t l y  been p o l l u t e d  by the combustion o f  
conventional f u e l s  l i k e  petroleum, coal and na tu ra l  gas. It i s  est imated t h a t  
about 88 m i l l i o n  tons o f  s u l f u r  d iox ide  gas (SO2) i s  discharged t o  the env i ron-  
ment due t o  the combustion o f  f o s s i l  f u e l s .  The Clean A i r  Act Amendment o f  
1977 set  an emission l i m i t  o f  1.2 l b  SO2 per  m i l l i o n  Btu o f  f u e l  combusted. 
Most bituminous coa ls  con ta in  3 t o  6 percent s u l f u r  as inorganic  o r  organic  
s u l f u r .  The ino rgan ic  s u l f u r  compounds a re  p r i m a r i l y  m e t a l l i c  s u l f i d e s ,  p y r i t e  
o r  marcasite and su l fa tes formed by the a i r  ox ida t i on  o f  m e t a l l i c  s u l f i d e s  (1,Z). 
The organic s u l f u r  i n  coal  i s  be le i ved  t o  be i n  the form o f  monosulf ide, 
d i s u l f i d e  o r  condensed thiophenes, benzothiophenes, dibenzothiophenes and 
thioxanthenes having vary ing r e a c t i v i t i e s .  Physical and chemical processes 
have been developed f o r  coal desu l fu r i za t i on ,  some o f  them operate a t  h i g h  
temperatures and are energy i n tens i ve .  Removal o f  organic  s u l f u r  by these 
processes i s  d i f f i c u l t .  Microbia l  d e s u l f u r i z a t i o n  o f f e r s  an e f f e c t i v e  means 
o f  precombustion s u l f u r  removal (3,4,5). 

Colmer and H ink le  (6 )  i d e n t i f i e d  T .  6ehhooxidans i n  a c i d i c  mine waters, 
Subsequent s tud ies  by Silverman et d. (7,8) confirmed t h a t  T .  6 m o o x i d a n s  
could be u t i l i z e d  t o  o x i d i z e  FeS2 i n  coal  i n  3 t o  4 days and the r a t e  o f  o x i d a t i v e  
d i s s o l u t i o n  was a f u n c t i o n  o f  the p a r t i c l e  s i z e  and rank o f  the coal .  
Ape1 (4 )  showed t h a t  a mixed c u l t u r e  o f  T .  demooxidam and T .  t k ioox idans  
was most e f f e c t i v e  a t  a pH o f  2 t o  2.5 when the n u t r i e n t  was enr iched w i t h  NH4. 
They repor ted 97% removal o f  p y r i t i c  s u l f u r  from a coal sample w i t h  3.1 weight 
percent s u l f u r .  
L e p t o n p M u m  6ennooxidan~ i n  mixed c u l t u r e s  w i t h  T .  t k ioox idans  was e f f e c t i v e  
f o r  FeS2 removal. 

of b a c t e r i a l  s t r a i n ,  N/P molar r a t i o ,  t he  p a r t i a l  pressure o f  CO2, the coa l  
source and the  t o t a l  r e a c t i v e  sur face area on the  r a t e  and ex ten t  of o x i d a t i v e  
d i s s o l u t i o n  o f  i r o n  p y r i t e  a t  a f i x e d  oxygen pressure. 
i z a t i o n  o f  h igh  p y r i t i c  s u l f u r  coal cou ld  be achieved i n  8 t o  12 days f o r  pu lp 
dens i t i es  o f  < 20%, and p a r t i c l e  s i z e  < 74 urn. The most e f f e c t i v e  s t r a i n s  o f  
T.  6 m o x i d &  were i s o l a t e d  from t h e n a t u r a l  systems and the most e f f e c t i v e  
n u t r i e n t  medium contained low phosphate :evels, w i t h  an optimal N/P molar  r a t i o  
o f  9O:l. 

Dugan and 

Nor r i s  and K e l l y  (9)  repor ted t h a t  another a c i d o p h i l l i c  bac te r ia ,  

Hoffmann et d. (10) conducted a parametric study t o  determine the e f f e c t  

The b a c t e r i a l  d e s u l f u r -  

MECHANISM OF MICROBIAL DESULFURIZATION 

The mechanism o f  m ic rob ia l  d i s s o l u t i o n  o f  p y r i t i c  s u l f u r  i n  coal by 
a c i d o p h i l i c  b a c t e r i a  has been thoroughly  i nves t i ga ted  (10,11,12). 
r e a d i l y  ox id i zed  by oxygen o r  the f e r r i c  i o n  r e s u l t i n g  i n  the fe r rous  s t a t e  as 
f o l  1 ows : 

The p y r i t e  i s  
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FeS2 + 3.5 02 + H20 + Fe++ + 25'37 + 2H+ 1) 

FeS2 + 2 Fe+* -+ 3Fe++ + 25 2)  

Thhb&L&A 6e~~kooridaULs derives energy by catalyzing the oxidation of the 
ferrous ions back t o  the f e r r i c  s t a t e  ( 1 2 ) :  

Fe++ + 1/4 02 + H+ + Fe+++ + 1 / 2  H20 3)  

Ferric su l fa te ,  a reaction product, reacts with FeS2 t o  form more ferrous 
sulfate which i s  again catalyzed by T.  6moox idav~d  t o  the f e r r i c  s t a t e .  

FeS2 + 14 Fef++ + 8H20 + 15 Fe++ + 2 SO1 + 16H+ 4)  

Elemental su l fur ,  likewise, i s  oxidized by T .  tkioddalzb forming su l fur ic  
acid. 

2s + 2 H20 + 302 + 4H+ + Z S O i  5 )  

The oxidation reactions are dependent on the microbial reactions with the 
end resu l t  of accelerating the transformation of FeS2 t o  ferrous su l fa te  
and  thus equation (1) precisely represents the overall reaction stoichiometry 
for  kinetic purpose. Other reactions provide the possible mechanistic 
pathways for the microbial pyr i t ic  dissolution. 

shake-flask type experiments and the major drawback cited against such a process 
has been t h a t  the r a t e s  of pyr i t ic  sulfur removal were not high enough to  
reduce the reactor s i ze  t o  a reasonable capacity (2,5). I n  th i s  study an 
attempt has been made to  determine the effectiveness of Tkiobacieeus ~ e ~ ~ k o o x i d a v l ~  
under simulated pipeline conditions for  pyr i t ic  sulfur removal. 
microbial desulfurization process i s  conducted under acidic environment, a n  
attempt has been made t o  determine the corrosion rates under dynamic conditions 
using I l l ino is  #6 and Indiana #3 bituminous coals and t o  investigate the effectiveness 
of a commercial corrosion inhibitor fo r  controlling the corrosivity. 

EXPERIMENTAL 

Coal Samples : 

The samples o f  I l l i no i s  #6 and Indiana #3 were obtained from the Amax 
Coal Company's Delta and Midwest mines and Ziegler Coal Company's mine in the 
Randolph County of I l l i no i s .  The pyr i t ic  sulfur content data on the coal 
samples is shown in Table I .  The samples were ground i n  a ball mill and then 
sieved to obtain the desired par t ic le  s ize  distribution. 

Most microbial desulfurization studies have been conducted in the laboratory 

Since the 

TABLE 1 

Bituminous Coal Samples and Their Pyrit ic Sulfur Content 

Coal Sample FeS? ( w t % )  

1. I l l i no i s  #6, Delta Mine 
(CS-1280-004) 
Amax Coal Company 

10 

2.02 



1 

J 

I 

I 

2. Indiana #3, Ay rsh i re  Mine 
(CS-1180-007) 
Amax Coal Company 

3. I l l i f l o t s  #6, Randolph 
County, Z i e g l e r  Coal 
Company 

4. I l l i n o i s  #6 (C22024) 
H e r r i n  Coal, Northern 
I l l i n o i s ,  I l l i n o i s  S ta te  
Geol o j  i ca 1 Survey 

2.60 

4.20 

4.90 

The shake-f lask and two-inch pipe1 i n e  experiments were i n i t i a l l y  conducted 
wi th var ious p a r t i c l e  s izes;  such as: As Received, 417 t o  1651 urn, 208 t o  
417 vm, 147 t o  208 urn, and 43 t o  147 urn. However, f o r  d e t a i l e d  study a sample 
s ize,  74 t o  147 urn, was selected. 

M ic rob ia l  Procedures: 

A pure c u l t u r e  o f  Tkiobacieeus 6e~~ooxidavls obta ined from the  American Type 
Cu l tu re  C o l l e c t i o n  (ATCC) was used i n  t h i s  study f o r  t he  shake-f lask experiments 
and the  2-inch s l u r r y  p i p e l i n e  experiments. 
t he  fo l l ow ing  composit ion was used i n  these experiments: Fe(S04) . 7 H20 20 g / l ;  
(NH4) The m ine ra l  s a l t s  
were $ isso lved i n  d i s t i l l e d  water and the pH was adjusted t o  2.8 by a d d i t i o n  
o f  1 N  H2SO4. The medium was autoclaved a t  20 ps ia  f o r  one hour. The growth 
medium consis ted o f  s l u r r i e d  coal  samples cons is t i ng  o f  I l l i n o i s  #6 o r  Ind iana 
#3 as desired. 

A minera l  s a l t s  medium having 

SO4 0.8 g / l ;  KH2 PO4 0.4 g / l ;  Mg(S04) . 7 H20 0.16 g / l .  

A n a l y t i c a l  Procedures: 

The samples o f  bituminous coals  were analyzed f o r  p y r i t i c  s u l f u r ,  s u l f a t e  

The Eschka method was used 
s u l f u r  and t o t a l  s u l f u r  us ing conventional wet chemical procedures adapted from 
the  American Society o f  Tes t i ng  Ma te r ia l s  (13,14). 
f o r  the t o t a l  s u l f u r ,  and D-2494-79 was used f o r  s u l f a t e  and p y r i t i c  s u l f u r  
ana lys i s .  

The t r e a t e d  samples were f i l t e r e d  through a Whatman #2 f i l t e r  paper t o  
separate the coa l  p a r t i c l e s  from the  l i q u i d  medium. 
washed w i t h  0.1 N HC1 fo l l owed  by d i s t i l l e d  water t o  remove t races o f  absorbed 
s u l f a t e  and i r o n .  

The t o t a l  s u l f u r  content  o f  t h e  coal samples was determined by the  Eschka 
method. The s u l f a t e  s u l f u r  content  o f  t he  t e s t  samples was determined by 
e x t r a c t i o n  o f  a one gram sample w i t h  d i l u t e  hyd roch lo r i c  a c i d  fo l lowed by 
t u r b i d i m e t r i c  determinat ion o f  s u l f a t e  (13). 
determined by e x t r a c t i o n  o f  t he  weighed coal  samples w i t h  2N n i t r i c  a c i d  fol lowed 
by t i t r i m e t r i c  o r  atomic absorpt ion determinat ion o f  i r o n  i n  the  e x t r a c t  (14). 

Laboratory  Corrosion Test: 

coal  s l u r r y  used i n  t h i s  study was adapted from the method developed by Bomberger 
(15). The co r ros ion  r a t e s  were determined by us ing ASTM Standard Corros ion Test, 

The f i l t e r e d  sample was 

The p y r i t i c  s u l f u r  content  was 

The labo ra to ry  t e s t  procedure f o r  t he  determinat ion o f  corros ion r a t e s  of 
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a l s o  known as To ta l  Inmersion Method (16). 
o f  keeping coa l  s l u r r y  i n  suspension i n  a t w o - l i t e r  reac t i on  vessel a t  a 
constant temperature. 
weight l oss  o f  s t e e l  coupons suspended i n  the r e a c t i o n  vessel o r  by the  use o f  
corrosometer probe over a 24 t o  72 hour period. 
coupons i s  a measure o f  t he  co r ros ion  ra tes  expressed as Inch Per Year (IPY). 
I n  the case o f  corrosometer probe, i t  i s  i n i t i a l l y  c a l i b r a t e d  by means o f  a 
weight loss measurement. 

The Bomberger technique cons is t s  

The co r ros ion  r a t e s  a re  determined e i t h e r  by actual  

The weight l oss  o f  s t e e l  

The ASTM Corros ion Test  procedure by To ta l  Immersion Method requ i res  t h a t  
a l l  specimen i n  a t e s t  se r ies  should have the  same dimensions when comparisons 
a r e  t o  be made. 
p i p e l i n e  ma te r ia l .  The coupons were cleaned, po l i shed  and weighed. Coal-water 
s l u r r y ,  10 t o  40 we igh t  percent  was used i n  the  co r ros ion  tes ts .  
were immersed i n  t h e  r e a c t i o n  vessel maintained a t  a constant  temperature o f  
86OF f o r  72 hours or  t h e  s p e c i f i e d  time. The coupons were removed, washed w i t h  
deionized water, d r i e d  and weighed. The l o s s  i n  weight  o f  t he  specimen, before 
and a f t e r  t he  t e s t  was a t t r i b u t e d  t o  corros ion.  From the weight l o s s  data, 
t h e  corros ion r a t e s  were ca l cu la ted  as Inch Per Year (IPY) and a l s o  as gram 
p e r  square cen t ime te r  pe r  year. (g/cm2. yea r ) .  

RESULTS AND OISCUSSION 

1. 

t o  determine t h e  i n f l u e n c e  o f  process va r iab les  on the r a t e  and ex ten t  o f  p y r i t i c  
s u l f u r  re lease f rom the  coa l  samples i n  shake- f lask experiments us ing  a mechanical 
shaker. No at tempt  was made t o  opt imize the minera l  s a l t s  medium composit ion 
s ince the i n f l u e n c e  o f  NHi,  N/P molar r a t i o  and t h e  n i t rogen  requirements f o r  
t h e  growth o f  T .  ,jcw~ooxiduvld have been thoroughly  i nves t i ga ted  by o t h e r  workers 
(4,7,8,10). A minera l  s a l t s  medium w i t h  the  composit ion described e a r l i e r  i n  
t h e  M ic rob ia l  Procedures s e c t i o n  was used i n  a l l  t h e  experiments w i t h  T. 6 m o o x -  
i d m .  

p a r t i c l e  s izes:  As Received, 417 t o  1651 urn, 147 t o  208 urn, < 147 urn. Coal/ 
water s l u r r i e s  (10 w t % )  made from t h e  s t e r i l i z e d  coal  samples i n  minera l  s a l t s  
medium were i nocu la ted  w i t h  a s t r a i n  o f  T .  ~e~~~oox i .duy16  and were subjected t o  
mechanical shaking from th ree  t o  twelve days. A t  t he  end o f  t he  des i red  t e s t  
per iod,  3, 6, 9 o r  12 days, the coal  samples were f i l t e r e d ,  thoroughly  washed 
w i t h  deionized water and analyzed f o r  p y r i t i c  s u l f u r  content .  The data was 
p l o t t e d  as m g / l i t e r  o f  p y r i t i c  s u l f u r  realeased as a f u n c t i o n  o f  t ime  as shown 
i n  Figure 1 f o r  a coa l  sample o f  I l l i n o i s  #6 from t h e  Ze ig le r  Coal mine. The 
data shows a maximum reduc t i on  i n  p y r i t i c  s u l f u r  content  was achieved w i t h  < 147 
wm (-100 mesh) p a r t i c l e  s ize,  the average r a t e  be ing 377.4 m g / l i t e r  x day du r ing  
t h e  n ine day o x i d a t i o n  pe r iod  versus 199.0 mg/l i t e r  x day f o r  the 417 t o  1651 
um (-10 t o  +35 mesh) p a r t i c l e s .  Indiana #3 coal  f rom the Ay rsh i re  mine exh ib i t ed  
s i m i l a r  trends, t h e  average p y r i t i c  ox ida t i on  r a t e  being 291.1 m g / l i t e r  x day for  a 
147 t o  417 wn p a r t i c l e s  over  an e i g h t  day pe r iod  w i t h  T .  ~eturo0x.b.fam~. 

2. 

In  these experiments, carbon s t e e l  was used rep resen t ing  t h e  

Specimens 

Shake-Flask Experiments w i t h  T k i o b a U u d  F w o d d a m .  
A l i m i t e d  number o f  experiments were conducted us ing T k i o b a U u d  & W L O O ~ M  

A number o f  samples o f  pu l ve r i zed  coals  were used having the f o l l o w i n g  

Two-Inch S1 u r r y  Pipe1 i n e  Experiments: 
(a )  S l u r r y  P i p e l i n e  System. 

A two-inch PVC p i p e l i n e  loop, 60 f e e t  i n  l eng th ,  was i n s t a l l e d  on a l abo ra to ry  
w a l l  and a 2 horsepower p o s i t i v e  displacement type Gould pump, Model 3196 was 

L 

\ 
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incorporated i n  the  f l o w  system. 
va r ied  from a low o f  2 f t / s e c  t o  15 f t / s e c .  
r e c i r c u l a t e  coal /water  s l u r r y  through an open drum where a i r  was bubbled i n  
the  l i n e .  A copper c o o l i n g  c o i l  was immersed below t h e  s l u r r y  l e v e l  i n  the 
drum fo r  r e c i r c u l a t i n g  c o l d  water through the medium i n  order  t o  remove heat 
from the system. The f l o w  r a t e  i n  the  p i p e l i n e  was monitored by the use of 
a Polysonics f l o w  meter, model UFM-P. 
operation. The c r i t i c a l  v e l o c i t y  f o r  f l ow  o f  s l u r r i e s  i n  the p i p e l i n e  was 
ca l cu la ted  us ing  a c o r r e l a t i o n  developed by Oroskar and Turian (17). The 
c r i t i c a l  v e l o c i t y ,  def ined as the minimum v e l o c i t y  needed t o  keep the  coal 
p a r t i c l e s  susoended i n  the l i q u i d  medium, was ca l cu la ted  t o  be 5.5 f t / sec  
f o r  a 50 w t %  coal/water s l u r r y  f o r  t h e  two inch  l abo ra to ry  p i p e l i n e .  

The f l ow  r a t e  through the p i p e l i n e  could be 
The system was designed t o  

The equipment was capable o f  continuous 

( b )  P a r t i c l e  Size D i s t r i b u t i o n  
A 6.6 w t %  s l u r r y  cons is t i ng  o f  Ind iana #3 bituminous coal w i t h  60.5% of 

417 t o  165 pm and 39.5% o f  147 t o  417 pm p a r t i c l e s  was r e c i r c u l a t e d  through 
the  p i p e l i n e  loop f o r  6 hours a t  5.6 t o  5.8 f t / s e c  a t  85-95'F us ing deion ized 
water f o r  preparat ion o f  the s l u r r y .  
coal p a r t i c l e s  were f i l t e r e d ,  d r i e d  and sieved t o  determine the p a r t i c l e  s i z e  
d i s t r i b u t i o n .  The data f o r  f i n a l  s i z e  d i s t r i b u t i o n  o f  the s l u r r i e d  coal  i s  
shown i n  Table 11. 

A t  the conclus ion o f  t he  experiment, t h e  

TABLE I1 
S l u r r y  Recirculat-aboratory P ipe l  ine 

Ind iana #3 (Ay rsh i re )  
(6.6% w t %  s l u r r y  i n  
deionized water)  

417 t o  1651 pm, 60.5% 

147 ' to  417 pm, 39.5% 

Flow Rate: 
Temperature: 
Run, Hours: 

! 

5.6 t o  5.8 f t j s e c  

6 
85-95OF 

F ina l  P a r t i c l e  Size D i s t r i b u t i o n  
P a r t i c l e  S ize Percent 
t1651 pm 0.62 
-1651 t o  +417 um 4.69 
-417 t o  +147 pm 
-147 t o  +74 pm 
-74 pm 

40.45 
39.40 
14.79 

( c )  M ic rob ia l  D e s u l f u r i z a t i o n  Experiments i n  t h e  Two-Inch Pipel  i ne .  
I l l i n o i s  #6 (Del ta  Mine) and Indiana #3 (Ay rsh i re  Mine) bituminous coa ls  

were used i n  the s l u r r y  p ipe d e s u l f u r i z a t i o n  experiments us ing T .  6 m 0 0 ~ L d a n 6  
f o r  i nocu la t i ng  the  coa l jwa te r  s l u r r y  used i n  these experiments. A 10 w t %  
coal/water s l u r r y  was prepared us ing deionized water and the minera l  s a l t s  
medium described e a r l i e r ,  t he  coal  p a r t i c l e  s i z e  range was from 147 um t o  1981 
urn. The s l u r r y  f l o w  r a t e  was kept  a t  6 t o  6.2 f t / s e c ,  and the temperature i n  
the  system was c o n t r o l l e d  by r e c i r c u l a t i n g  c o l d  water through the copper c o o l i n g  
c o i l s  i n  the s l u r r y  drum. Dup l i ca te  samples o f  coal s l u r r y  were taken once a 
day f o r  the determinat ion o f  p y r i t i c  s u l f u r  content  i n  the s l u r r y .  
was continued f o r  seven days w i t h  r e c i r c u l a t i o n  o f  t he  s l u r r y  through the 
p i p e l i n e  system f o r  8 hours/day. 
i s  shown i n  Table 3, and the  r a t e  o f  p y r i t e  d e s u l f u r l z a t l o n  IS shown I n  F lgure 
2. 

The experiment 

The experimental data w i t h . I l l i n o i s . # 6  (De l ta )  

The d e s u l f u r i z a t i o n  r a t e s  i n  the s l u r r y  p i p e l i n e  experiments and the  
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laboratory shake-flask experiments a re  i n  good agreement. 

Indiana #3 (Ayrshire) coal in deionized water as a 25 w t %  s lur ry .  
process variables were carefully controlled: 
temperature, 70-90°F, and pH, 2.5-2.8. 
days and the s lur ry  samples for pyrit ic sulfur determination were taken daily. 
The desulfurization ra tes  w i t h  Indiana # 3  coal in the pipeline experiment 
a re  shown in Figure 4 and are in good agreement with the laboratory data 
and the resu l t s  with I l l i no i s  #6 coal. 
experiments, the ra te  of desulfurization of bituminous coals i s  d i rec t ly  
proportional to the  pyr i t ic  sulfur content and the par t ic le  s ize  of the coal 
sample. 

3. Corrosion Test Results: 

slurry w i t h  147 t o  417 um coal par t ic les .  The corrosion rates ranged from 
1.223 X IPY fo r  I l l i no i s  #6 t o  1.272 X lo-* IPY f o r  Indiana #3 coal 
slurry consisting o f  40 weight percent each coal. 

t o  the coal/water s lur ry  increased the corrosion rates f o r  both the coals 
tested. 
presence of T .  &ntooxiLida~~6 in s a l t  medium with 10 weight percent s lur ry  of 
I l l ino is  #6 ranged from 4.2  X 
However, the introduction of up to  10 ppm of a commercial corrosion inhibitor,  
Calgon T G-10, inhibited the corrosion ra tes  with I l l i no i s  #6 and Indiana #3 
coals t o  very low levels approaching those obtained with the deionized water. 
Black Mesa pipeline has used th i s  corrosion inhibitor on a regular basis with 
very sa t i s fac tory  resu l t s .  

CONCLUSIONS 

Another s lur ry  pipeline desulfurization experiment was conducted using 

flow ra tes  6-6.5 f t / s ec ,  
The experiment was continued f o r  14 

The other 

As observed in the laboratory 

The corrosion ra tes  were determined using a 10 w t %  t o  40 w t %  coal water 

The addition of T .  6em00xidan4 in s a l t  medium a t  the desired concentration 

The corrosion rates for 72-hour and 500-hour experiments in the 

IPY t o  1.41 X lo-' IPY respectively. 

About 80 t o  85% pyr i t ic  sulfur removal has been achieved by microbial 
desulfurization of I l l i no i s  #6 and Indiana #3 coals us ing  Tkioba&w 6a~roo~Lidann 
i n  laboratory shake-flask experiments and in a two-inch pipeline loop. 
10 t o  25 wt% coal/water slurry was recirculated a t  6-7 f t / s ec  fo r  5 t o  12 days 
a t  70-90°F. Results a l so  show that the rates of bacterial desulfurization are 
higher in the pipeline loop under turbulent flow conditions for  par t ic le  sizes,  
43 t o  200 urn as compared t o  the shake-flask experiments. I t  i s  visualized t h a t  
the proposed coal s lur ry  pipelines could be used as biological plug flow reactors 
under aerobic conditions. The laboratory corrosion studies show that use of 
a corrosion inhibitor will l imi t  the pipeline corrosion rates to  acceptable 
1 evels. 
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TABLE 3 

- DAYS PYRITIC SULFUR, WT% 

0 1 .70  
1 
2 
3 
4 
5 
7 

1.45 
1.13 
0.80 
0.60 
0.48 
0.41 

SLURRY FLOW RATE: 6 t o  6.2 FT/SEC 

COAL PARTICLE SIZE: 147 urn t o  1981 urn 
pH OF SLURRY: 

SLURRY TEMPERATURE: 7O-9O0F 

2.5 t o  2.8 

1 

. ,  

\ 
# 

1 

SLURRY PIPELINE DESULFURIZATION 
COAL/WATER SLURRY ( 1 0  WT%) 

I L L I N O I S  #6 BITUMINOUS COAL (DELTA MINE) 
(TI7hbacieeuh 6ennoox idm)  

DAYS 

0 
A 
5 
7 
9 

11 
12  
1 3  

PYRITIC SULFUR 
REDUCTION, % 

0.00 
14.7  
33.5 
52.9 
64.7 
72.0 
76.0 

RATE OF DESULFUR- 
IZATION 
MG/LITER X DAY 

0.00 
257.35 
293.26 
308.82 
283.08 
251.17 
189.70 

TABLE 4 

SLURRY PIPELINE DESULFURIZATION 
COAL/WATER SLURRY (25  WT%) 

INDIANA # 3  BITUMINOUS COAL (AYRSHIRE MINE) 
( T k i o  baoieeLL6 6m00x. ida~6 ) 

RATE OF DESULFUR- 
PYRITIC SULFUR IZATION 

PYRITIC SULFUR, WT% REDUCTION, % MG/LITER X DAY 

2.58 
1.75 
1.55 
1.82 
1.03 
0.645 
0.516 
0.52 

SLURRY FLOW RATE: 6 FT/SEC 

COAL PARTICLE SIZE: 147 urn t o  1981 prn 
SLURRY TEMPERATURE: 70-90°F 

pH OF SLURRY: 2.5 to 3.0 

0 
32 
40 
30 
6 0  
75 
8 0  
80 

292.26 
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ABSTRACT 

A novel  technique f o r  s e p a r a t i n g  u l t r a f i n e  p y r i t e  p a r t i c l e s  (minus 40 microns) from 
c o a l  f i n e s  has been concep tua l ly  developed and t e s t e d .  The technique invo lves  t h e  
use of a s e l e c t i v e  polymeric d i s p e r s a n t  f o r  p y r i t e ,  wh i l e  f l o c c u l a t i n g  coal  p a r t i -  
c l e s  with a gene ra l  polymeric  f l o c c u l a n t .  The suspended p y r i t e  can be then removed 
from t h e  f l o c c u l a t e d  c o a l  f i n e s  which set t le  p r e f e r e n t i a l l y  by gravi ty .  

The key t o  t h i s  s e p a r a t i o n  was t h e  design and p repa ra t ion  of the  s e l e c t i v e  d l s p e r -  
s a n t  for  p y r i t e  (PAAX). Th i s  was achieved by inco rpora t ing  xan tha te  groups i n t o  
t h e  s t r u c t u r e  of a low molecular  weight  a c r y l i c  ac id  polymer (PAA). Test ing t h i s  
reagent  on i n d i v i d u a l  suspensions of c o a l  and p y r i t e  confirmed its s e l e c t i v e  d i s -  
pe r s ion  a c t i o n  towards p y r i t e ,  while  it had no d i s p e r s i o n  a c t i o n  on c o a l  suspension 
when using Purifloc-A22 f l o c c u l a n t .  Prel iminary tests on high s u l f u r  c o a l  from 
Kentucky No. 9 seam, also confirmed t h i s  s e l e c t i v i t y .  Fu r the r  p rocess  development 
is needed however be fo re  t h i s  promising technique can be commercially f e a s i b l e .  

In t roduc t ion  

Most of the Eas t e rn  U.S. c o a l s ,  s u f f e r  from high s u l f u r  c o n t e n t ,  which on burning 
emit s u l f u r  d iox ide  in excess  of EPA l i m i t  of 1.2 l b  502 /mi l l i on  Btu. 
t h e r e  a r e  t h r e e  broad r eg ions  t h a t  s u f f e r  from seve re  s u l f u r  problems. These a r e :  
Northern Appalachia (Pennsylvania. Ohio. West Vi rg in i a )  w i t h  average s u l f u r  c o n t e n t  
of about 3%; Midwest r eg ion  (Indiana,  I l l i n o i s ,  Kentucky) wi th  average s u l f u r  of 
3.9%; and Cen t ra l  Midwest (Iowa, Missouri ,  Kansas, Oklahoma) wi th  average s u l f u r  of 
5.25%. 

The presence of s u l f u r  i n  c o a l  is gene ra l ly  a t t r i b u t e d  t o  two forms, o rgan ic  s u l f u r  
and p y r i t i c  s u l f u r .  The p r o p o r t i o n  of p y r i t i c  s u l f u r  t o  o rgan ic  s u l f u r  v a r i e s  s ig -  
n i f i c a n t l y  from one c o a l  seam to ano the r ,  b u t  it appears  t h a t  p y r i t i c  s u l f u r  gener- 
a l l y  r ep resen t s  about 70 pe rcen t  or more of t h e  t o t a l  s u l f u r  (1) .  The p y r i t e  is 
found in c o a l  i n  a wide s i z e  d i s t r i b u t i o n ,  w i th  a s i g n i f i c a n t  p ropor t ion  i n  t h e  ve ry  
f i n e  s i z e  f r a c t i o n  ( l e s s  t han  25 microns) .  
p y r i t e  i n  t h e  Midwest r eg ion  is about 37u (400 mesh) and f o r  Cen t ra l  t o  Western 
Midwest region is about 10711 (150 mesh), and in t h e  Appalachian r eg ions  i s  about  68- 
1OOu. This can only mean t h a t  a s i g n i f i c a n t  amount of t h e  p y r i t e  is in the  ve ry  
f i n e  t o  c o l l o i d a l  f r a c t i o n s .  I n  f a c t ,  t h e r e  a r e  c o a l  seams. such as Kentucky No. 9 
where all t h e  p y r i t e  p a r t i c l e s  are o f t e n  sma l l e r  than about ten  microns (2). 

It is bel ieved t h e r e f o r e ,  t h a t  t h e  separat ion-removal  of  p y r i t e  from c o a l  p r l o r  t o  
its combustion would g r e a t l y  reduce t h e  s u l f u r  d iox ide  emission and r ende r  many 
c o a l  d e p o s i t s  w i th in  the  EPA l i m i t s .  

For s e p a r a t i o n  of c o a l  from r e l a t i v e l y  coa r se  s h a l e  and p y r i t e ,  gravi ty-based tech- 
n iques  have been e f f e c t i v e l y  u t i l i z e d .  
microns, f r o t h  f l o t a t i o n  h a s  been used s a t i s f a c t o r i l y  f o r  s e p a r a t i n g  c o a l  from 
s h a l e s  (3). Even s e p a r a t i o n  of p y r i t e  from c o a l  has  been achieved by f l o t a t i o n  (4) .  
However, most of t h e s e  p rocesses  become l e s s  e f f e c t i v e  when the p a r t i c l e  s i z e  of t h e  
c o a l  suspension i s  s i g n i f i c a n t l y  below 100 microns. 

S p e c i f i c a l l y ,  

For example t h e  mean p a r t i c l e  s i t e  of 

For s i z e s  below 300 microns t o  about 100 
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Une o r  t n e  promis ing  new technologies  f o r  s e p a r a t i o n  of very  f i n e  p a r t i c l e s  is se-  
l e c t i v e  f l o c c u l a t i o n .  The s e l e c t i v e  f l o c c u l a t i o n  p r o c e s s  has  been used e f f e c t i v e l y  
t o  s e p a r a t e  very f i n e l y  disseminated minera ls  from mixed o r e  suspension (5). The 
process  is based on t h e  p r e f e r e n t i a l  a d s o r p t i o n  of an  o r g a n i c  f l o c c u l a n t  on the  
wanted minera ls ,  thereby  f l o c c u l a t i n g  them, whi le  l e a v i n g  t h e  remainder of t h e  sus- 
pension p a r t i c l e s  d i s p e r s e d .  The d i s p e r s i o n  of c e r t a i n  components in t h e  suspension 
such  as p y r i t e ,  c a n  be enhanced by u s i n g  more s e l e c t i v e  o r  powerful d i s p e r s a n t s .  
Methods f o r  a c h i e v i n g  s e l e c t i v e  f l o c c u l a t i o n  and d i s p e r s i o n  have been r e c e n t l v  dea- 
c r ibed  by A t t i a  (6 ) .  

The o b j e c t i v e  of t h i s  r e s e a r c h  was t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of s e p a r a t i n g  
c o a l  f i n e s  from mixed suspens ions  w i t h  p y r i t e  by s e l e c t i v e  f l o c c u l a t i o n .  I n  t h i s  
work, t h e  s e p a r a t i o n  of p y r i t e  from c o a l  was based on t h e  d i s t i n c t  d i f f e r e n c e s  in 
t h e i r  s u r f a c e  chemica l  p r o p e r t i e s .  P y r i t e  be ing  a s u l f i d e  minera l  has  an  a f f i n i t y  
f o r  xantha te  c o n t a i n i n g  r e a g e n t s ,  w h i l e  coal does n o t  have such an  a f f i n i t y  towards 
xantha tes .  Therefore ,  i f  xantha te  groups could be incorpora ted  i n t o  t h e  s t r u c t u r e  
of long-chain polymers, s e l e c t i v e  polyxantha te  f l o c c u l a n t s  or d i s p e r s a n t s  f o r  p y r i t e  
might thus  b e  achieved .  
s u l f i d e  minera ls ,  p a r t i c u l a r l y  f o r  copper,  w a s  f i r s t  r e p o r t e d  by A t t i a  and Kitchener 
(7). 
s t r a t e d  r e c e n t l y  by A t t i a  and Fuerstenau (8) .  

T h i s  a r t i c l e  d e s c r i b e s  t h e  progress  made t o  achieve  s e l e c t i v e  f l o c c u l a t i o n  of coa l  
from p y r i t e  from a c o a l  sample conta in ing  about 2.9% t o t a l  s u l f u r .  

Prepara t ion  and T e s t i n g  of Polyxanthate Dispersants .  

In a preceeding a r t i c l e  (8)  A t t i a  and Fuerstaneu prepared  polyxantha te  d i s p e r s a n t s  
by r e a c t i n g  low molecular  weight p o l y a c r y l i c  a c i d  solutions with  sodium hydroxide 
and carbon d i s u l f i d e .  The presence of t h e  xantha te  groups (Dithio-carbonate) in 
t h e  polymeric d i s p e r s a n t  w a s  a s c e r t a i n e d  from t h e  W - Spect ra  of t h e  s o l u t i o n ,  
where t h e  a b s o r p t i o n  peak a t  305 t o  307 mu w a s  observed. 
W-absorption peak of lower xantha te  compounds of 303 m u .  

S e l e c t i v e  f l o c c u l a t i o n  of  c o a l  from p y r i t e  w a s  i n v e s t i g a t e d  us ing  t h e  newly devel- 
oped polyxantha te  d i s p e r s a n t  i n  conjunct ion  w i t h  a po lys tyrene  s u l f o n a t e  ( p u r i f l o c  
A22) f l o c c u l a n t .  The f l o c c u l a t i o n  r e s u l t s  on t h e  i n d i v i d u a l  minera l  suspensions a r e  
shown i n  F igure  1 (A & B). These graphs show t h e  e f f e c t  of p o l y a c r y l i c  a c i d  d isper -  
s a n t  before (PAA) and a f t e r  xantha t ion  (PAAX) on t h e  f loccula t ion- -d ispers ion  behavior 
of i n d i v i d u a l  suspens ions  of c o a l  and p y r i t e  w i t h  Purifloc-A22 f l o c c u l a n t .  

From Figure l (A) ,  i t  appeared t h a t  PAA i n h i b i t e d  o r  r e s t r a i n e d  t h e  f l o c c u l a t i o n  
a c t i o n  of Purifloc-A22 on b o t h  c o a l  and p y r i t e  suspens ions  a t  PAA concent ra t ions  O f  

100 mg/ l  and above. The d i s p e r s i v e  a c t i o n  of PAA i n  t h i s  c a s e  was t h e r e f o r e  unse- 
l e c t i v e .  However, t h e  PAAX crude r e a c t i o n  product i n  F igure  1(B) only  d ispersed  t h e  
p y r i t e  suspension t o  t h e  same l e v e l  as PAA, whi le  t h e  c o a l  suspens ion  was t o t a l l y  
f loccula ted  even a t  high PAAX concent ra t ions .  The polyxantha te  d i s p e r s a n t  r a t h e r  
than  improving t h e  d i s p e r s i o n  o f  p y r i t e ,  simply d i d  not adsorb on t h e  c o a l  p a r t i c l e s .  
thereby c r e a t i n g  a s e l e c t i v e  d i s p e r s i o n  a c t i o n  f o r  t h e  p y r i t e .  These observa t ions  
i n  Figure 1 ( B )  were repea ted  and noted s e v e r a l  t i m e s  even wi th  p u r i f i e d  PAAX S o h -  
t i o n s .  
us ing  PAAX r e a g e n t  appeared, t h e r e f o r e ,  p o s s i b l e .  

Ef fec t  o f  P y r i t e  P a r t i c l e  S i z e  on Dispersion: It  w a s  suspec ted  t h a t  a l o t  of the 
non-dispersed p y r i t e  p a r t i c l e s ,  shown i n  F igure  1, was due t o  t h e  s e t t l i n g  of 
"coarse" p a r t i c l e s  between 10 and 37 microns. P y r i t e  has  a s p e c i f i c  g r a v i t y  of 
about 5.4,  whi le  t h a t  of c o a l  i s  around 1.6 t o  1.8. Therefore ,  a p y r i t e  suspensions 
of coal  and p y r i t e  o f  minus 37 microns s i z e  were a l s o  t e s t e d  simultaneously.  The 
r e s u l t s  showed t h a t  t h e  c o a l  was almost t o t a l l y  f l o c c u l a t e d  as b e f o r e ,  whi le  the 
minus 10 micron p y r i t e  suspension remained very  stable,  w i t h  only 10 - 20% weight of 
t h e  p a r t i c l e ,  s e t t l e d  o r  f l o c c u l a t e d .  The minus 37 micron p y r i t e  behaved i n  t h e  
same manner as i n  Figure 1 .  

The use of po lyxantha tes  f o r  s e l e c t i v e  f l o c c u l a t i o n  of 

The s e p a r a t i o n  of p y r i t e  from c o a l  us ing  polyxantha te  d i s p e r s a n t s  w a s  demon- 

This  is  very  c l o s e  t o  the  

S e l e c t i v e  d i s p e r s i o n  of p y r i t e  o r  s e l e c t i v e  f l o c c u l a t i o n  of c o a l  from p y r i t e  

From t h e s e  o b s e r v a t i o n s ,  i t  i s  be l ieved  t h a t  t h e  se- 

20 

1 

c 



l e c t i v e  d i s p e r s i o n  of p y r i t e  w i l l  be more e f f e c t i v e  a t  t h e  s m a l l e r  p a r t i c l e  s i z e s .  

S e l e c t i v e  F l o c c u l a t i o n  of High S u l f u r  Coal 

Preliminary t e s t i n g  of t h e  polyxantha te  d i s p e r s a n t  mentioned e a r l i e r .  dur ing  t h e  
s e l e c t i v e  f l o c c u l a t i o n  of  h igh  s u l f u r  c o a l  w a s  conducted and descr ibed  here .  A 
saiuple of bituminous c o a l  from Kentucky No. 9 seam was k indly  suppl ied  by t h e  
Occidental  Research Corporation. 
m i l l  and screened  t o  o b t a i n  t h e  minus 400 mesh (-37u) f r a c t i o n  f o r  t e s t i n g .  

Single-step s e l e c t i v e  f l o c c u l a t i o n  tests were conducted on d i l u t e  suspensions (about 
3% wt) of t h e  minus 37u c o a l  p a r t i c l e s ,  us ing  2 mg/l,  F1029-D f l o c c u l a n t  (a p a r t i a l -  
l y  hydrophobic polymer prepared by Dai-Ichi Kogyo Sieyako, Japan) ,  a t  pH. 10. The 
test procedure w a s  a s  follows: The c o a l  suspens ion  w a s  d i spersed  a t  a moderate 
shear  for  10 minutes,  dur ing  which t h e  r e q u i r e d  amounts of PAAX s o l u t i o n  were added 
and t h e  pH was a d j u s t e d  t o  10. The f l o c c u l a n t  was then  adminis te red  whi le  t h e  sus- 
pension was s t i r r e d  a t  h igh  s h e a r  f o r  10 seconds.  The suspension was t h e r e a f t e r  
S t i r r e d  a t  a low s h e a r  f o r  one minute,  followed by g e n t l e  r o t a t i o n  i n  an i n c l i n e d  
cy l inder  f o r  5 minutes.  A t  t h e  end of t h i s  s t e p  t h e  suspension was decanted o f f  and 
the  f loccula ted  f r a c t i o n  w a s  recovered. Both f r a c t i o n s  were d r i e d ,  weighed and ana- 
lyzed f o r  t o t a l  s u l f u r .  The r e s u l t s  of t h i s  b r i e f  s tudy  is  show! i n  Table 1 below. 

The c o a l  sample w a s  w e t  ground i n  a s t e e l  b a l l  

Table 1: Mater ia l  Balance f o r  One-Step S e l e c t i v e  F loccula t ion  of  High 
S u l f u r  Coal us ing  PAAX Dispersant  and F1029-D Flocculan t .  

T o t a l  Tota l  Sul fur  
Product Weight % S u l f u r %  D i s t r i b u t i o n  % Remarks 

, 

I 

t 

Dispersed 3.7 13.74 

Feed 10 
Flocculated - 96.3 2.08 

20.3 
79.7 

100.0 

500 mg/l 
PAAX 

Dispersed 2.7 9.96 9.7 300 mg/l 

Feed 100.0 2.76 100.0 
Flocculated - 97.3 2.56 90.3 PAAX - 

These r e s u l t s  show t h a t  t h e  s u l f u r  conten t  of t h e  d ispersed  ( r e j e c t )  p roducts  was 
s i g n i f i c a n t l y  h igher  than  t h e  feed o r  t h e  f l o c c u l a t e d  f r a c t i o n s .  This was s p e c i a l l y  
ev ident  a t  t h e  h igher  PAAX d i s p e r s a n t  c o n c e n t r a t i o n  (500 mg/l) where t h e  s u l f u r  con- 
t e n t  i n  the d ispersed  f r a c t i o n  w a s  13.74% compared wi th  2.08% i n  t h e  f l o c c u l a t e d  
f r a c t i o n .  While t h e s e  r e s u l t s  p r e s e n t  a d e f i n i t e  evidence f o r  t h e  s e l e c t i v i t y  of 
f l o c c u l a t i n g  c o a l  and d i s p e r s i n g  p y r i t e  with t h e  reagents  mentioned above, t h e  t o t a l  
s u l f u r  removal w a s  very  low. 
p y r i t e  is knovn t o  be very  f i n e l y  disseminated (-10 microns) i n  Kentucky No. 9 seams 
from which t h i s  sample was obta ined .  In t h e  b r i e f  t e s t s  mentioned h e r e  no a t t e n t i o n  
w a s  paid t o  t h e  l i b e r a t i o n  c h a r a c t e r i s t i c s  of p y r i t e  from c o a l .  It was hoped t h a t  
gr inding  t o  minus 400 mesh (37 microns) would l i b e r a t e  a s i g n i f i c a n t  amount of py- 
r i t e .  Another p o s s i b l e  reason f o r  t h e  low s u l f u r  removal was t h e  presence of 
"coarse" p y r i t e  O K  p y r i t e - c o n t a i n i n g  c o a l  p a r t i c l e s  which would s e t t l e  a t  a s i m i l a r  
r a t e  as t h e  pure c o a l  f l o c s ,  t h u s ,  i n t e r f e r r i n g  i n  t h e i r  s e p a r a t i o n .  As  mentioned 
e a r l i e r  i n  t h i s  a r t i c l e ,  t h e  process  i s  expected t o  be more e f f e c t i v e  f o r  t h e  10 
microns s i z e  p y r i t e  than  f o r  37 microns s i z e  p y r i t e  p a r t i c l e s ,  i f  g r a v i t a t i o n a l  
s e t t l i n g  was used f o r  s e p a r a t i o n  of f l o c s  from suspension. Other f l o c  s e p a r a t i o n  
methods such as  f l o t a t i o n  might extend the  e f f e c t i v e n e s s  of t h i s  s e l e c t i v e  f l o c -  
c u l a t i o n  method t o  c o a r s e r  s i z e s .  A l t e r n a t i v e l y ,  t h e  c o a r s e r  p y r i t e  p a r t i c l e s  
( g r e a t e r  than 25 microns f o r  example) could be separa ted  by o t h e r  technique p r i o r  t o  

The low s u l f u r  removal could be due to t h e  f a c t  t h a t  
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applying s e l e c t i v e  f l o c c u l a t i o n .  

Conclusions 

From t h e  foregoing  d i s c u s s i o n ,  i t  can be concluded t h a t  t h e  a d d i t i o n  of t h e  poly- 
xanthate d i s p e r s a n t  (PAAX) d u r i n g  the  s e l e c t i v e  f l o c c u l a t i o n  of c o a l  wi th  F1029-D 
o r  Purifloc-A22, p r e s e n t s  a promising approach f o r  t h e  r e m o v a l o f  u l t r a f i n e  p y r i t e  
p a r t i c l e s  from c o a l  suspens ions .  This  would s p e c i a l l y  be t r u e  however i f  f u t u r e  
i n v e s t i g a t i o n s  could improve t h e  o v e r a l l  p y r i t e  removal, whi le  s t i l l  o b t a i n i n g  high 
c o a l  (Btu) recovery .  It i s  be l ieved  t h a t  by apply ing  mul t i - s tage  s e l e c t i v e  floccu- 
l a t i o n  ( i . e . ,  t h e  f l o c s  from t h e  f i r s t  s e p a r a t i o n  s t e p  are re-dispersed and re - f loc-  
cu la ted  s e v e r a l  t imes)  more of t h e  l i b e r a t e d  p y r i t e  p a r t i c l e s  would be removed. 

Acknowledgment 

The au thor  would l i k e  t o  thank  M r .  Steven Bright and Dr. S. Krishnan, both from 
Battelle-Columbus f o r  t h e i r  h e l p  i n  conducting t h e  experiments on t h e  high s u l f u r  
coa l  sample. 

References 

(1) "Analysis of  Ohio Coal". Information c i r c u l a r  No. 47, S t a t e  of Ohio Department 
of Natura l  Sciences,  Div is ion  of Geologica l  Survey, 1978. 

(2)  Albaugh. E;  Gulf Research and Development, P i t t s b u r g h ,  Pennsylvania,  P r i v a t e  
c o m u n i c a t i o n s  wi th  Y .  A t t i a ,  1982. 

(3)  Aplan, F.F.; "Fine Coal Prepara t ion  S t a t e  of t h e  A r t  - Problems and P r e d i c t i o n s  
f o r  t h e  Future" i n  B e n e f i c i a t i o n  of Mineral  F ines ,  E d i t o r s :  P .  Somasundaran and 
N .  A r b i t e r ,  NSF workshop New York 1978. 

( 4 )  Miller, K . J . ;  " F l o t a t i o n  of P y r i t e  from Coal", U.S. P a t e n t  3,807,557, A p r i l  30, 
1974. 

(5) A t t i a .  Y.A.; "Se lec t ive  F loccula t ion  Technology, S t a t e  of  t h e  A r t  Review", 
AIME Annual Meeting, 1982, Dallas. 

( 6 )  A t t i a ,  Y .A. ; "Fine P a r t i c l e  Separa t ion  by S e l e c t i v e  F loccula t ion" ,  Separa t ion  
Science and Technology, 11 ( 3 )  (1982) 75-83. 

(7) A t t i a ,  Y .A.  and Kitchener.  D . A . ;  "Development of Complexing Polymers f o r  t h e  
S e l e c t i v e  F l o c c u l a t i o n  o f  Copper Minerals", Eleventh I n t e r .  Miner. Process .  
Gong., C a g l i a r i ,  I t a l y  (1975). 

(8) A t t i a ,  Y.A.  and Fuerstenau, D.W.;  " F e a s i b i l i t y  of  Cleaning High Sulfur Coal 
F ines  by S e l e c t i v e  F loccula t ion" ,  Four teenth  I n t e r .  Miner. Process .  Congr., 
Toronto,  Canada (1982). 

22 



A 

a 
a, 
A m -  
+, 
4J 
a, 
v 1 -  

4 s 
.: 60 

$ 
u -  
c 
a, u 
& 40 
a, 
PI 

20 
I 

1 

> 

A 

A < 
- 

Y L. 

A 

- 
- OPyrite 

ACoal 

- 

- a. PAA 

Dispersant Concentration, mg/l 

FIGURE 1. EFFECT OF PAA AND PAAX DISPERSANTS ON THE FLOCCULATION 
OF COAL AND PYRITE WITH PURIFLOC422 ( 4  mg/l) at pH10, 
AND 2% SOLIDS CONTENT IN SUSPENSIONS. 

' r.' 
1 

., 

23 



REMOVAL OF ORGANIC SULFUR FROM COAL 
BY SUPERCRITICAL EXTRACTION WITH ALCOEOLS 

C. B. Muchmore, J. W. Chen, A. C. Kent, and K. E. Tempelmeyer 

Department of Mechanical Engineering and Energy Processes 
Southern Illinois University, Carbondale, Illinois 62901 

INTRODUCTION 

Growing concern over environmental effects of acid rain has 
resulted in increased interest in development of pre-combustion 
removal of sulfur from coal. Physical coal cleaning processes are 
effective for pyritic sulfur removal but do little to reduce the 
organic sulfur content of coal. This paper reports the selective 
removal of organic sulfur from coal, employing ethyl or methyl 
alcohols as the solvent/reactant. The process is based on the 
observation that, under supercritical conditions, organic sulfur is 
selectively removed from the coal matrix. The concentration of 
sulfur in the resulting solid product is thus reduced, while 
maintaining over 50% of the concentration of volatile matter 
compared to that of the parent coal. In addition to the 
desulfurized solid product, a high BTU gas is produced, and some 
conversion of coal to liquid products occurs. 

LITERATURE REVIEW 

Most work on supercritical extraction of coal reported in the 
literature has as a primary objective the maximum conversion of coal 
to liquid products. A 1975 article by Whitehead ( 6 ) I one of the 
first references to supercritical coal extraction presented in the 
literature 1 presented data on supercritical extraction of coal by 
coaltar or petroleum naphtha fractions. Tugrul and Olcay ( 5 
reported in 1978 extraction yields and analytical results obtained 
by supercritical-gas extraction of 250 mesh lignite. They found 
extraction nearly complete after 30 minutes; extract yields of about 
24% were reported. Gas chromatography/mass spectrometry analyses of 
several extract fractions indicated dozens of paraff ins, alkylated 
hydrocarbons, phenolic and oxygenated compounds; however, no sulfur 
compounds were reported. A kinetic study of a high-volatile 
bituminous coal utilizing supercritical toluene was reported by 
Slomka and Rutkowski ( 4 ). A close fit of their experimental data 
on time dependence of extraction yield was found when a second order 
equation was used. The use of supercritical toluene extraction of 
coal in pilot plant studies supported by the British Coal Board was 
reported by Maddocks ( 2 ). The major objective of that study was 
also maximum conversion of coal to liquid products; reduction of 
sulfur in .the unconverted solid was not reported. 

Some work has been reported utilizing alcohols for 
supercritical extraction of coal. Makabe et a1 ( 3 ) reported 
extraction of coal with ethanol-sodium hydroxide with the objective 
of maximizing extraction yield; no sulfur data was reported. Methyl 
alcohol reaction with a low volatile Bituminous West Virginia coal 
at higher temperatures (460-6OOC) was reported by Garner et a1 ( 1 
1. Promotion of coal gasification was the objective of that study; 
sulfur content of the resultant char was not reported. 

I 
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I n  c o n t r a s t  t o  t h e  p r e v i o u s  r e p o r t e d  work u t i l i z i n g  
s u p e r c r i t i c a l  s o l v e n t  e x t r a c t i o n  o f  c o a l ,  where major  o b j e c t i v e s  
have been t h e  conversion of c o a l  t o  l i q u i d  or  gaseous products ,  t h e  
m a j o r  o b j e c t i v e  o f  o u r  r e s e a r c h  e f f o r t  i s  t o  d e v e l o p  a 
d e s u l f u r i z a t i o n  process  t h a t  w i l l  r esu l t  i n  a s o l i d  product  s u i t a b l e  
f o r  combustion i n  e x i s t i n g  c o a l  f i r e d  u t i l i t y  b o i l e r s .  

EXPERIflENTAL 

Bakhreactorstudies 
These experiments u t i l i z e d  a 300cc s t i r r e d  a u t o c l a v e  r e a c t o r ;  a 

f l o w  c h a r t  of t h e  r e a c t o r  is  g i v e n  i n  F i g u r e l . T h e  c o a l ,  p r e v i o u s l y  
d r i e d  and ground t o  t h e  d e s i r e d  p a r t i c l e  s i z e  ( g e n e r a l l y  -40 mesh), 
i s  charged t o  t h e  r e a c t o r  and a l c o h o l  is added. Heating t h e  s t i r r e d  
m i x t u r e  t o  a b o v e  t h e  c r i t i c a l  t e m p e r a t u r e  and p r e s s u r e  of  t h e  
s o l v e n t  ( f o r  e t h y l  a l c o h o l  243C and 63 atm) r e s u l t s  i n  a sequence 
of e x t r a c t i o n  and r e a c t i o n  processes  t h a t  remove organic  s u l f u r  from 
t h e  coa l .  Af te r  t h e  d e s i r e d  r e a c t i o n  time ( g e n e r a l l y  one hour) t h e  
f l u i d  p h a s e  i s  v e n t e d  from t h e  r e a c t o r  t h r o u g h  a c o n d e n s e r  s y s t e m  
and l i q u i d  and gaseous products  a r e  c o l l e c t e d .  A f t e r  cool ing ,  t h e  
s o l i d  product  is c o l l e c t e d  from t h e  reac tor .  

For some e x p e r i m e n t s ,  t r e a t m e n t  of t h e  c o a l  w i t h  KOH was 
u t i l i z e d ;  two p r o c e d u r e s  were employed: a)  c h a r g i n g  t h e  KOH t o  t h e  
r e a c t o r  (5% of  t h e  w e i g h t  of  t h e  c o a l  charged)  o r  b)  s o a k i n g  t h e  
c o a l  f o r  t e n  m i n u t e s  i n  a 5% KOH/alcohol s o l u t i o n ,  f o l l o w e d  by 
a l c o h o l  washes t o  remove e s s e n t i a l l y  a l l  of t h e  potassium from t h e  
c o a l  p r i o r  t o  s u p e r c r i t i c a l  react ion.  

- continuousreactorstudies 
The f l o w  c h a r t  f o r  t h e  semi-cont inuous  B e r t y  g r a d i e n t l e s s  

r e a c t o r ,  e q u i p p e d  w i t h  a M a g n e d r i v e  i m p e l l e r  a n d  i n t e r n a l  
r e c i r c u l a t i o n  sys tem,  i s  g i v e n  i n  F i g u r e  2. The ground c o a l  i s  
h e l d  i n  a b a s k e t  w i t h i n  t h e  r e a c t o r ,  w h i l e  s o l v e n t  i s  pumped 
cont inuously through t h e  system. Af te r  c o o l i n g  f o l l o w i n g  a run, t h e  
s o l i d  p r o d u c t  i s  removed from t h e  r e a c t o r  b a s k e t  f o r  weighing  and 
a n a l y s i s .  I t  i s  p o s s i b l e  t o  m a i n t a i n  a c o n s t a n t  p r e s s u r e  i n  t h i s  
system, i n  c o n t r a s t  t o  t h e  b a t c h  sys tem where p r e s s u r e  i n c r e a s e s  
d u r i n g  t h e  c o u r s e  of a run,  f i n a l  p r e s s u r e  b e i n g  d e t e r m i n e d  by t h e  
temperature  and charge s i z e  t o  t h e  reac tor .  

RESULTS AND DISCUSSION 

mxhreactorresults 
For one s e t  of e x p e r i m e n t s ,  a comparison of e t h y l  and m e t h y l  

a l c o h o l s  as s u p e r c r i t i c a l  e x t r a c t a n t s  was made over  a temperature  
range of 275-45OCI u t i l i z i n g  t h r e e  d i f f e r e n t  c o a l s  of vary ing  r a t i o  
of o r g a n i c  t o  p y r i t i c  s u l f u r  c o n t e n t .  The c o a l s  were p r o v i d e d  by 
t h e  S t a t e  of I l l i n o i s  Geologica l  Survey, and have been kept  under a 
n i t r o g e n  a tmosphere  s i n c e  t h e  i n i t i a l  s i z e  r e d u c t i o n  f o l l o w i n g  
mining of t h e  coa l .  The organic  s u l f u r / p y r i t i c  s u l f u r  r a t i o  v a r i e d  
from 0.72 t o  2.82 f o r  t h e s e  c o a l s .  For  a l l  r u n s ,  t h e  r e a c t i o n  t i m e  
was 1 hr  and a s o l v e n t / c o a l  r a t i o  of 1/1 was used. The resu l t s  of 
t h e s e  b a t c h  r u n s  a r e  summarized i n  F i g u r e  3 ,  where  t h e  s u l f u r  
r e d u c t i o n  o b t a i n e d  ( e v a l u a t e d  on a c o n c e n t r a t i o n  b a s i s ,  comparing 
t h e  t o t a l  s u l f u r  i n  t h e  p r o d u c t  c h a r  t o  t h a t  of  t h e  o r i g i n a l  c o a l )  
is shown as  a f u n c t i o n  of t h e  organic  s u l f u r / p y r i t i c  s u l f u r  r a t i o  of 
t h e  o r i g i n a l  c o a l ,  with temperature  as a parameter. Ethyl  a l c o h o l  
r e s u l t e d  i n  g r e a t e r  d e s u l f u r i z a t i o n  (48%) t h a n  m e t h y l  a l c o h o l  a t  
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Figure 1. Flow diagram of batch reactor system. 
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Figure 2. Flow diagram of semi-continuous reactor system. 
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Racio  o r g a n i c  S/ p y r i t i c  S 

F i g u r e  3. Comparison of  e t h y l  and methyl a l c o h o l s  a s  s u p e r c r i t i c a l  
d e s u l f u r i z a t i o n  f l u i d s ,  f o r  c o a l s  of v a r i e d  o r g a n i c  s u l f u r /  
p y r i t i c  s u l f u r  r a r i o .  ( e t h a n o l  --- , mechanol --*--) 
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F i g u r e  4 .  Weight l o s s  o f  coal as a f u n c t i o n  of r e a c t i o n  t i m e ,  
semi-cont inuous  r e a c t o r .  
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higher  tempera tures  (400 C) w i t h  t h e  higher  organic  s u l f u r  conten t  
c o a l ,  and methyl  a l c o h o l  gave comparable d e s u l f u r i z a t i o n  t o  e t h y l  
a l c o h o l  a t  t h e  lower temperature  i n v e s t i g a t e d  (300  C )  w i t h  t h e  lower 
o r g a n i c  s u l f u r  c o n t e n t  c o a l .  The r e s u l t s  c o n f i r m  t h a t  o r g a n i c  
s u l f u r  i s  b e i n g  removed by t h e  s u p e r c r i t i c a l  e x t r a c t i o n / r e a c t i o n  
process .  

Another s e r i e s  of f o u r  runs was performed t o  compare methyl and 
e t h y l  a l c o h o l s  as s u p e r c r i t i c a l  f l u i d  r e a c t a n t s ,  wi th  and without  
KOH (5% of t h e  coa l  c h a r g e ) .  P r e v i o u s  s t u d i e s  had i n d i c a t e d  
enhanced d e s u l f u r i z a t i . o n  by p r e - t r e a t m e n t  of  t h e  c o a l  w i t h  a 
potassium hydroxide-alcohol  s o l u t i o n .  Reaction time was 2 hours a t  
a r e a c t i o n  tempera ture  of 340C; maximum r e a c t i o n  p r e s s u r e s  were 2500 
t o  445Opsig. The h i g h  o r g a n i c  s u l f u r  c o n t e n t  c o a l  ( t o t a l  s u l f u r  
c o n t e n t  4 .23%,  o r g a n i c  S / p y r i t i c  S r a t i o  = 2.82 ) was used f o r  
t h e s e  runs; r e s u l t s  are summarized i n  T a b l e  1. 

I n s p e c t i o n  of  T a b l e  1 i n d i c a t e s  t h a t  a d d i t i o n  of  p o t a s s i u m  
h y d r o x i d e  d e c r e a s e d  s o l i d  p r o d u c t  and l i q u i d  r e c o v e r i e s ,  and 
increased  g a s  product ion;  t h i s  was an a n t i c i p a t e d  r e s u l t  due t o  t h e  
reported i n f l u e n c e  of c a u s t i c  on decomposition r a t e s  of a l c o h o l  a t  
t h e  r e a c t i o n  tempera tures  u t i l i z e d .  The g r e a t e s t  d e s u l f u r i z a t i o n  ( 
54.0% reduct ion  i n  s u l f u r  concent ra t ion  ) r e s u l t e d  i n  t h e  methanol- 
KOH system. I t  i s  of i n t e r e s t  t o  n o t e  t h a t  f rom 5 6  t o  69% of  t h e  
v o l a t i l e  m a t t e r  i s  r e t a i n e d  i n  t h e  s o l i d  product  compared t o  t h a t  of 
t h e  o r i g i n a l  coal. Heating v a l u e s  of t h e  s o l i d  products  are one t o  
seven per  c e n t  g r e a t e r  than  t h e  o r i g i n a l  c o a l ,  i n  s p i t e  of a s l i g h t  
i n c r e a s e  i n  a s h  c o n t e n t .  The h i g h e r  a s h  r e s u l t i n g  from t h e  ROB 
t r e a t m e n t  r e f l e c t s  t h e  g r e a t e r  c o n v e r s i o n  of  c o a l ,  a s  w e l l  as t h e  
KOH i t s e l f .  P r i o r  work w i t h  b o t h  t h e  b a t c h  and semi-cont inuous  
systems established t h a t  comparable d e s u l f u r i z a t i o n  is a t t a i n e d  by 
both t h e  KOH a d d i t i o n  and pre- t reatment  soaking procedures. 

Semi-continuousreactorresults 
A s e r i e s  o f  runs were  per formed u s i n g  a n  I l l i n o i s  No.6 c o a l  

h a v i n g  a t o t a l  s u l f u r  c o n t e n t  o f  3.0% and a n  o r g a n i c  S / p y r i t i c  S 
r a t i o  of 2.43. O p e r a t i n g  p r e s s u r e  was k e p t  c o n s t a n t  a t  1750 p s i g ,  
run tempera tures  covered t h e  range of 250-350C, and e x t r a c t i o n  times 
a t  run temperature  were up t o  e i g h t  hours. The observed weight  l o s s  
of  c o a l  and s u l f u r  removal  as a f u n c t i o n  of  e x t r a c t i o n  t i m e  a r e  
p l o t t e d  i n  F i g u r e s  4 and 5, r e s p e c t i v e l y .  The convers ions  ind ica ted  
a t  t ime z e r o  o n  t h e s e  p l o t s  r e p r e s e n t  e x t r a c t i o n  and/or  r e a c t i o n  
t h a t  occurs  d u r i n g  t h e  pre-heat ing t i m e  t o  r e a c t i o n  temperature. 

An e m p i r i c a l  f i r s t  o r d e r  k i n e t i c  model was used  t o  f i t  t h e  
experimental  d a t a  of  t h e  percent  of c o a l  e x t r a c t e d  and t h e  percent  
of s u l f u r  removed, where c o n c e n t r a t i o n s  remaining are based on t h e  
ult imate e x t r a c t a b i l i t y  a t  r e a c t i o n  condi t ions .  An Arrhenius  p l o t  
( F i g u r e  6 )  r e v e a l s  t h a t  t h e  a c t i v a t i o n  e n e r g y  f o r  c o a l  e x t r a c t i o n  
was a b o u t  30 K c a l  per mole  and f o r  d e s u l f u r i z a t i o n  was a b o u t  17 K 
c a l  p e r  mole,  which  compares  f a v o r a b l y  w i t h  t h e  d a t a  i n  t h e  
l i t e r s t u r e .  The s e l e c t i v i t y  of s u l f u r  r e m o v a l ,  a s  d e f i n e d  by t h e  
r a t i o  of s u l f u r  removal t o  c o a l  e x t r a c t e d ,  was i n  t h e  range of 2 t o  
4. 

WnnrlliauidDroductanalvses 
A n a l y s e s  o f  t h e  g a s  p r o d u c t s  r e s u l t i n g  f r o m  t h e  b a t c h  

e x p e r i m e n t s  r e p o r t e d  i n  T a b l e  1 a r e  g i v e n  i n  T a b l e  2. The g r e a t e r  
p r o d u c t i o n  o f  hydrogen  r e s u l t i n g  when KOH was used  i s  e v i d e n t  f o r  
both t h e  e t h a n o l  and methanol systems. A s  a n t i c i p a t e d ,  no e t h y l e n e  
and much l ess  e t h a n e  r e s u l t e d  from t h e  methanol  r u n s ,  compared t o  
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TABLE 1 

BATCH EXPERIMENTAL OATA 

Standard 
Coal Ethanol,  Ethanol ,  Methanol, Methanol, 
C-22440 NO KOH 5% KOH No KOH 5% KOH 

Maximun Reaction 
pressure ( p s i g )  2500 3000 2650 4450 

Char y i e l d  (I o f  
coal charged) 83.0 81.9 89.5 86.8 

L i q u i d  y i e l d  (L 
of l i q u i d  charge) 83.5 74.8 90.3 59.8 

Gas produced, 1 10.0 13.0 6.2 26.8 
% d e s u l f u r i z a t i o n  

(conc. b a s i s )  36.3 37.6 30.5 54.0 
S o l i d  analyses 

(moisture free) 
% V o l a t i l e  m a t t e r  41.6 23.8 23.2 28.8 25.0 
% Ash 10.43 12.18 17.40 11.34 17.89 
B t u / l  b 12,375 13,263 12,990 12,826 12,501 

Reaction Conditions: 609 coal .  609 ethanol,  2 h r .  react ion a t  340°C. 

TABLE 2 

29 



Figure 5. 

I 325 C 

v " 0  
0 1 2 3 4 5 6 7 6  

Extract ion time, hours 

Sul fur  removal (mass b a s i s )  a s  a funct ion of react ion time. 
350't 325'C 300't 275 'C 250'C 

. 
1.6 1.7 1.8 1.9 

Sulfur rmovol (9) :  

I n  ks = -10.6 103 + 17.6 ; r2 = 0.961 

Ea = 21.0 kcol/mole 

I n  k - -15.3 103 + 27.2 ; r 2  = 0.926 

EQ = 30.3 kcol/mle 

T 

Welght loss of con1 ( 0 ) :  

T 

(a 

Figure 6. Arrhenius p lo t  of weight loss of coa l  and  su l fur  removal 
d a t a ,  semi-continuous r e a c t o r .  
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the ethanol runs; methane concentration was higher in the methanol 
runs. 

Gas chromatograms of the liquid products resulting from two of 
the batch experiments reported in Table 1, where ethyl and methyl 
alcohols were used without KOH addition, are given in Figures 7 and 
8, respectively. A capillary column was used for the analyses, and 
the sample was split to two different detectors after passing 
through the column, giving dual traces on each chromatogram. A 
flame photometric detector (FPD) , specific for sulfur containing 
compounds, and a flame ionization detector (FID), sensitive to 
essentially all organic compounds, were used. Of the more than half 
dozen major sulfur containing compounds indicated in Figure 7, 
several have been identified; ethyl sulfide, ethyl disulfide, 
thioacetal, and thiophene were indicated by GC/MS analysis. The 
participation of the ethanol solvent (or a two carbon degradation 
product) in the desulfurization reactions is suggested by the 
structure of the sulfur containing products thus far identified. 
The gas chromatogram of the liquid product from the methanol run 
indicates only two major sulfur compounds, and lesser amounts of 
coal derived organic material, compared to the ethanol run. 

CONCLUSIONS 

It is apparent from the data thus far obtained that both ethyl 
and methyl alcohols are effective for desulfurization of high 
organic sulfur content coals when used as extractants/reactants 
under supercritical conditions. Since it is not known at this time 
if any significant amount of pyritic sulfur is being removed during 
the supercritical desulfurization reactions, this possibility must 
be recognized in any proposed model of the system. Figure 9 
presents possible reaction pathways: the extent to which each may be 
contributing to the overall desulfurization observed under 
supercritical conditions has yet to be determined. 

The potential for processing a typical high sulfur coal to 
produce a solid product with less than 1% total sulfur by a sequence 
of physical beneficiation for pyrite reduction, followed by 
supercritical extraction for removal of organic sulfur, is indicated 
by example in Figure 10. A 3% total sulfur coal, containing equal 
amounts of pyritic and organic sulfur, could be processed by 
existing technologies for removal of pyritic sulfur to give a total 
sulfur concentration of, say, 1.8%. An additional 50% reduction of 
the remaining total sulfur would then give a final total sulfur 
concentration of 0.9%. The initial attempt to attain this goal is 
also represented in Figure 10, where a coal processed by froth 
flotation was then subjected to supercritical extraction with the 
methanol-KO8 system at 350C for one hour in the batch reactor. 
Although the final product total sulfur concentration of 1.37% fell 
short of the 1% goal, this initial result is encouraging in view of 
the fact that the froth flotation step has not yet been optimized 
for the coal used. 
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Figure 7. Gas chromatogram of  l iquid product from supercritical 
desulfurization of coal with ethanol a t  350C. Flame 
photometric detector (FPD) response i s  on l e f t ;  flame 
ionization detector (FID) response is on right.  
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Figure 8.  Gas chromatogram of l i q u i d  product from supercritical 
desulfurization of coal with methanol a t  350C. 
detectors a s  described above. 
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Figure 9. Possible reaction pathways for desulfurization of coal with 
ethyl alcohol under supercritical conditions. 
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Figure 10. Example of sequential processing of coal for removal of 
pyritic and organic sulfur. 
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INTRODUCTION 

The TRW "Gravimelt" Molten Hydroxide Desulfurization Process is being 
developed to remove sulfur from coal [l]. While the chemistry for removing 
inorganic sulfur is being examined actively [2 ] ,  little research has been done on 
the removal of sulfur from organosulfur moieties in coal. The objective of this 
study is to determine how molten hydroxides remove organosulfur from coal. The 
two model compounds used initially to examine the chemistry of organosulfur 
removal are benzothiophene and dibenzothiophene. These model compounds were 
chosen because they simulate sulfur compounds in coal. Thermal decomposition 
reactions of intermediate products were also studied, and based on the results, a 
proposed pathway for desulfurization is suggested. The potential role of water in 
molten hydroxide desulfurization was determined by varying the amount of water 
present in the hydroxide mixture. Results demonstrate that water does not play an 
important role in the removal of sulfur from organosulfur moieties. Since both 
sodium hydroxide and potassium hydroxide have typically been used in the TRW 
Molten Hydroxide Desulfurization Process, the importance of each hydroxide was 
examined. It was found that the relative amount of each hydroxide may be critical 
in removing organosulfur and that potassium hydroxide is the important species. 
Continuing research will examine the importance of the cation in molten hydroxide 
reactions and the use of other molten salts for the removal of sulfur from organo- 
sulfur species. 

EXPERIMENTAL 

All molten hydroxide desulfurization reactions were performed using 1/2-inch 
Monel Swagelok unions as reactors. Similar 316-stainless-steel reactors developed 
cracks and leaks, resulting in loss of volatile components. In a typical 
reaction, 3.1 to 4.0 g of powdered sodium hydroxide and/or potassium hydroxide, 
0.3 to 0.6 g organosulfur compound, and a 1/4-inch-diameter stainless-steel ball 
(to ensure adequate mixing) were added to the reactor under nitrogen. Product 
yields were slightly less without the stainless-steel ball. In some cases, the 
hydroxide mixture was added in two steps, to reduce the free volume of the 
reactor. Elimination of free volume ensured that the reactant would be in the 
condensed phase and in intimate contact with the molten hydroxide. This was 
accomplished by melting most of the powdered base in the reactor at 350oC, with 
subsequent addition of the organosulfur compound and 0.3 to 0.5 g of additional 
base. The end caps were then tightened to 35 ft lb. 

me reactor was bolted to a bracket assembly and immersed in a Tescom SBL-2 
fluidized sand bath that was preheated to reaction temperatures. Reaction tem- 
peratures ranged from 35OoC to 400°C, and reaction times varied from 10 minutes to 
3 hours. Vigorous mixing was accomplished by using a Burrell mechanical wrist- 
action shaker. The reactors were cooled rapidly by immersion in room-temperature 
water. 

m e  reactors were opened, placed in 50 mL of CHzClz, and sonicated for 5 
minutes. This allowed partial removal of neutral organics and, more important, 
minimal evaporative losses of volatile organics. The CHZClz was decanted and 1 mL 
of a solution containing an internal standard was added (a solution containing an 
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internal standard was added to all CHzClz extracts before GC analysis). The 
reactor was then sonicated with 50 mL of deionized water until all the base was 
dissolved (20-30 minutes). The basic solution was decanted and the reactor was 
washed with an additional 10 mL of water to ensure complete removal of its 
contents. The HzO solutions were combined and extracted with two 25-mL portions 
of CHZClz to remove any of the remaining neutral organics. Using litmus paper as 
the indicator, the water layer was neutralized with 4 to 6 mL of concentrated HC1. 
The neutralized solution contained acidic products that had previously remained in 
the aqueous phase as soluble salts. The neutralized water layer was then 
extracted with two 25-mL portions of CHzClz. Solutions containing internal 
standards were added to each portion to determine quantitatively the amounts of 
individual components and to determine material balances. Material balances of 
approximately 95% were achieved. 

The three methylene chloride portions were analyzed using an HP 5740 gas 
chromatograph with a 50-meter SE-54 capillary column. In most cases, flame 
ionization was used to detect the individual components of the reaction. The 
CH2Clt was removed by rotoevaporation, and the products were further characterized 
by proton NMR; FTIR; and low-voltage, high-resolution MS. Some loss of the more 
volatile components was observed. 

Thermal decomposition reactions were conducted using aromatic thiols and 
their respective salts. The aromatic thiol (0.2 g) and a stainless-steel ball(s) 
were added to the reactor, and the reactor was heated to 375OC for 30 minutes. 
Thermal decomposition of the salt of the aromatic thiol was examined by adding 
0.2 g of the aromatic thiol, 3.5 g of powdered KOH and NaOH (60:40) and a 
stainless-steel ball to the reactor. Reaction conditions were the same as those 
for the aromatic thiol. Reaction products were dissolved in 50 mL of CHzClZ and 
quantified using capillary GC and an internal standard. 

RESULTS AND DISCUSSION 

Reaction of Benzothiophene 

A weight ratio of 1:l (K0H:NaOH) was chosen for the initial model-compound 
study, based on the ratio that the TRW process is using for bench-scale experi- 
ments with coal [ 1 I .  Preliminary experiments at 375OC and 30-minute reaction 
times indicated that benzothiophene, chosen as the initial model compound, had 
reacted partially with the molten hydroxide to form two principal products. 
Capillary GC, high resolution mass spectrometry, FTIR, and NMR identified the 
major product as o-thiocresol. The minor product was toluene. 

Extending the reaction time to 3 hours gave a considerably different distri- 
bution of products. Not only had all the benzothiophene reacted, but the major 
product was toluene. These results indicate that the overall reaction of benzo- 
thiophene with molten hydroxide involves a ring opening and elimination of a 
carbon to form o-thiocresol, followed by a slower sulfur elimination to form 
toluene (Figure 1 ) .  These results are supported by the observations of 
Weissgerber and Seidler [3], who identified small amounts of o-thiocresol and 
formic acid when reacting benzothiophene with KOH at 30Oo-31O0C. Apparently 
extended reaction times or higher temperatures are two means to remove sulfur from 
the sulfur species completely. The individual steps of the mechanisms are being 
examined. 

Effect of K0H:NaOH Ratio 

Because of some inconsistencies in product yield, a series of experiments was 
conducted using varying amounts of KOH and NaOH. Varying the relative amounts of 
KOH and NaOH clarified the problem and determined the importance of each 
hydroxide. Hydroxide mixtures having different ratios of KOH and NaOH were 
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prepared, and their activities were compared' by determining the extent of benzo- 
thiophene conversion to the initial product, o-thiocresol, or the subsequent 
product, toluene. Weight percents of K0H:NaOH used for this study were the 
following: 0:100, 40:60, 45:55, 48:52, 50:50, 52:48, 55:45, 60:40, 75:25, 90:10, 
and 1OO:O. Figure 2 shows the results of these experiments. Note that at 
approximately a 45:55 ratio of KOH:NaOH, the conversion of benzothiophene to 
0-thiocresol increases dramatically. The lack of any significant reaction at 
lower percentages of KOH was unexpected. Increasing the weight percent of KOH in 
the hydroxide mixture resulted in an increase in the concentration of o-thiocresol 
and a corresponding increase in toluene formation, since the formation of toluene 
represented a decomposition of the intermediate product, o-thiocresol. Maximum 
yields of desulfurized product (toluene) were obtained by using pure KOH. Since 
conversions varied dramatically at approximately a 45:55 ratio, all subsequent 
experiments were done with a 60:40 ratio of K0H:NaOH. 

From these results, it can be seen that the amount of KOH within the 
hydroxide mixture may be critical in removing organosulfur from coal. While the 
particular role of KOH has not been determined, evidence from the literature has 
shown that the size of the cation may be important in stabilizing intermediate 
carbanions. Wallace et al. (41 conducted a series of base-catalyzed, beta- 
elimination reactions with isopropyl sulfide and measured the amount of olefin 
production. The proposed mechanism involved an initial formation of a carbanion 
with subsequent elimination of the sulfur moiety (which can be considered a good 
leaving group) to form the olefin (Figure 3 ) .  It was shown that the rate of 
olefin production was dependent on the size of the metal cation (Li+, Na+, K+, 
Rb+, and Cs') of the base. The increase in olefin production with an increase in 
cation size was explained as a stabilization/solubilization effect, wherein the 
intermediate carbanion was more effectively stabilized by the larger cations, 
causing an increase in the rate of olefin production. Certain possible reaction 
pathways for the conversion of benzothiophene also require a carbanion 
intermediate. Increases in benzothiophene conversion with increasing amounts of 
K+ support this type of intermediate. 

Thiol Thermochemistry 

The mechanism for the formation of o-thiocresol has not been clearly 
established, although evidence to support a pathway for the desulfurization of the 
aromatic thiol (0-thiocresol) has been obtained. Experiments using model com- 
pounds showed that the thermal decomposition of aromatic thiols is different from 
that of their respective salts (salt formation occurs in molten hydroxide). The 
thermal decomposition of thiols can be complicated because the incipient free- 
radicals tend to react with other thiol molecules and provide a variety of 
products. Reports in the literature demonstrate that certain aromatic thiols 
decompose thermally to form the corresponding sulfide (51. Thermal decomposition 
reactions in our reactor (375OC for 30 minutes) using thiophenol or o-thiocresol 
produced diphenyl sulfide or 2,2'-dimethyldiphenyl sulfide respectively. Although 
the mechanism is not known, one can be suggested. The bond dissociation energy of 
the S-H bond for aromatics is approximately 75 kcal/mole, and at 375oC, the 
molecule most likely dissociates to Ar-S. and H. [6]. Attack of Ar-S- on the 
aromatic thiol with subsequent loss of the stable thiyl radical would produce a 
monosulfide and hydrogen sulfide (Figure 4). 

The behavior of the aromatic thiol salt was studied by conducting thermal 
decomposition reactions in the molten hydroxide mixture (60%KOH:4OINaOH). It was 
assumed that hydroxide was present only to allow formation of the thiol salt. In 
molten hydroxide, the aromatic t h i o l  loses a proton to form the conjugate base, 
which is not likely to lose an electron to form Ar-SO and a free solvated 
electron. The bond dissociation energy of the aromatic C-S bond is approximately 
85 kcal/mole and represents a likely thermolysis pathway (61. Thermal decomposi- 
tion of the thiophenolate salt produced about 60%-70% insoluble material and 
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approximately 30% benzene. The formation of  insoluble  mater ia l  may be a r e s u l t  of  
phenyl r a d i c a l  r e a c t i v i t y ,  leading to  rad ica l  polymerization react ions.  This 
hypothesis was t e s t e d  by conducting the same react ion i n  t h e  presence of  formate 
ion. Formate ion is known t o  r e a c t  with hydroxide and generate  hydrogen, carbon 
monoxide, and carbonate salts [71. In s i t u  generation of H P  might allow capping 
of intermediate f r e e - r a d i c a l s  (phenyl rad ica ls )  and thus i n h i b i t  f ree- rad ica l  
polymerization reac t ions .  Thermal decomposition of  the thiophenolate salt in  the  
presence of formate yielded approximately 80% benzene, supporting the  hypothesis 
t h a t  h o m o l y s i s  occurs  a t  t h e  C-S bond. Based on these r e s u l t s ,  it is suggested 
t h a t  the conjugate base of the  intermediate product, o- thiocresol ,  undergoes 
thermal decomposition to  toluene. The absence of polymer may be due t o  a low 
concentration of o- th iocreso l  a t  any given time. 

Reaction of Dibenzothiophene 

Dibenzothiophene was much l e s s  reac t ive  than benzothiophene. Reactions a t  
375012 for 30 minutes i n  our l abora tor ies  demonstrated t h a t  dibenzothiophene was 
unreactive and q u a n t i t a t i v e l y  recovered. Maijgren and Hubner [8] observed, using 
dibenzothiophene as a model, t h a t  under s imi la r  react ion conditions (755KOH and 
25%NaOH, 370oC f o r  60 minutes) ,  81% o f  dibenzothiophene was recovered, b u t  no 
reaction products were ident i f ied .  Wallace e t  a l .  a l s o  found t h a t  dibenzo- 
thiophene was unreact ive when heated a t  200°C for 20 hours i n  a KOH - white o i l  
mixture [g ] .  The sever i ty  of the  react ion condi t ions i n  our laboratory was 
increased t o  400OC f o r  3 hours. Under these condi t ions dibenzothiophene reacted 
quant i ta t ive ly ,  producing approximately 50% C H z C 1 2  insoluble  mater ia l ,  35% 
o-phenylphenol, and 10% biphenyl. These r e s u l t s  ind ica te  t h a t  dibenzothiophene 
w i l l  r eac t  w i t h  molten hydroxide and desul fur ize  i f  t he  react ion conditions a r e  
s u f f i c i e n t l y  severe.  

Role of Moisture 

Since A.C.S. reagent  grade KOH has  a moisture content  of 13%-15%, it was 
thought reasonable t o  test whether water might be playing an important r o l e  in  the 
desulfur izat ion reac t ion  using molten hydroxides. Reactions were conducted with a 
high-purity KOH t h a t  contained less than 1 w t . %  of water, and the same r e s u l t s  
(complete conversion) were obtained. Also, an equivalent  amount o f  water (13 
wt.5) was added t o  experiments conducted i n  pure NaOH, and i n  each case,  no con- 
version occurred. Based on these r e s u l t s ,  it appears t h a t  water has ne i ther  a 
deleter ious nor an advantageous e f f e c t  on the removal of su l fur  from organosulfur 
compounds using molten hydroxides. These r e s u l t s  a l s o  ind ica te  tha t  a consider- 
ab le  c o s t  savings in  t h e  energy required f o r  drying recycled c a u s t i c  may be 
possible. 

CONCLUSION 

Experiments c a r r i e d  out  i n  microautoclaves demonstrate t h a t  s u l f u r  can be 
removed from organosulfur  model compounds using molten hydroxides. Based on these 
resu l t s ,  it can be seen t h a t  the r a t i o  of  KOH and NaOH may be c r i t i c a l  i n  removing 
sulfur from o r g a n o s u l f x  moieties i n  coal  and t h a t  t h e  react ion temperatures and 
reaction times might determine which type of organosulfur spec ies  is being removed 
and to what ex ten t .  A l a rge  improvement i n  su l fur  removal using the  molten 
hydroxide desul fur iza t ion  process might be possible  by varying the  amount of KOH 
and NaOH. While sulfur might be removed from benzothiophene moieties i n  coal  a t  
375OC, it appears t h a t  more severe conditions a r e  necessary t o  remove su l fur  from 
dibenzothiophene moiet ies .  Efficiency of organosulfur removal may be p a r t i a l l y  
dependent on the type of  organosulfur species  i n  coa l ,  and therefore  continued 
ef for t s  t o  charac te r ize  the  types of organosulfur moiet ies  in  coa l  a re  necessary. 
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Figure 1. Detulfurizotion of Bentothiophene in Molten Hydroxide 
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Figure 2. Reoclions of Benrothiophene with 
Molten KOH/NoOH Mixtures at 
375OC for 30 minutes. - -A- - BENZOTHIOPHENE 
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Figure 3. Base-Catalyzed Eliminotion of Sulfide [4] 

Figure 4. Thermal Decomposition of Thiophenol 
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DESULFURIZATION AND DEMINERALIZATION OF COAL BY MOLTEN NaOH/KOH MIXTURES 

R. Markuszewski, D. R. Mroch, G. A. Norton, and W. E. Straszheim 

Iowa State Univers i ty ,  Ames, I A  50011 

INTRODUCTION 

Ames Laboratory* - U.S. DOE, F o s s i l  Energy Program 

The use o f  molten caus t i c  t o  remove p y r i t e  and other  minera l  mat ter  from coa l  
was f i r s t  repor ted by Masciantonio (1). 
w i t h  4 p a r t s  o f  1:l NaOH/KOH mix tu re  a t  250'C o r  h igher  removed a l l  o f  the p y r i t e  
w i t h i n  5 minutes. A t  temperatures above 250'C, organic s u l f u r  was a lso removed. 
recen t  years, t h e  technique was r e f i n e d  by TRW and became known as the Grav imel t  
Process (2-4). By us ing 10 p a r t s  o f  molten caus t i c  t o  t r e a t  1 p a r t  o f  coal a t  370'C, 
fo l lowed by washing w i t h  d i l u t e  H,SO,, almost a l l  of t he  p y r i t i c  s u l f u r  and about 80% 
of t he  organic s u l f u r  could be removed. I n  addit ion, the f i n a l  ash contents  were 
genera l l y  l ess  than 1%. Fur ther  s tud ies on the  e f f e c t s  o f  r e t e n t i o n  time, tempera- 
ture,  coal - to-caust ic  and NaOH/KOH r a t i o s ,  p a r t i c l e  size, and rank o f  coal r e s u l t e d  
i n  su l fu r  and ash reduct ions which met the New Source Performance Standards (5,6). 
The fundamental aspects o f  c leaning coal w i t h  molten caus t i c  were a lso s tud ied by 
Maijgren e t  a l .  (7, 8) who inves t i ga ted  the behavior of some organosul fur  model corn- 
pounds i n  add i t i on  t o  the e f f e c t  o f  caus t i c  composition, reac t i on  time, temperature, 
and p a r t i c l e  size. 

The o v e r a l l  ob jec t i ves  o f  our own DOE-sponsored work a t  the Ames Laboratory are 
t o  propose, t es t ,  and develop methods f o r  regenerat ing the spent caus t i c  and o the r  
reagents used i n  the  TRW Gravimelt Process i n  order t o  make t h i s  chemical c lean ing  
method economical, As a p r e l i m i n a r y  step t o  our i nves t i ga t i ons ,  t he  thermodynamics, 
phase e q u i l i b r i a ,  and other  p roper t i es  o f  proposed reac t i on  schemes were t e s t e d  i n  
order  t o  develop f l ow  diagrams inco rpo ra t i ng  the d e s u l f u r i z a t i o n  and regenerat ion 
schemes (9) .  Furthermore, i n  order t o  ensure t h a t  our samples o f  cleaned coal  and 
spent caust ic  are comparable t o  those produced by the Gravimelt Process, s i m i l a r  
procedures were used i n  the c leaning steps. 
va r ious  washing procedures as w e l l  as o f  p a r t i c l e  s i z e  and rec leaning was i n v e s t i -  
gated. I n  addi t ion,  some fundamental chemist ry  and behavior o f  t he  minera l  ma t te r  
d u r i n g  c leaning were s tud ied on our own samples and on samples prov ided by TRW. 

He discovered t h a t  t r e a t i n g  1 par t  o f  coal 

I n  

I n  the course o f  our work, t he  e f f e c t  o f  

EXPERIMENTAL 

For our own work, channel samples o f  P i t t sbu rgh  No. 8 coal from t h e  Graf ton 
Mine, Churchv i l le ,  WV, and I l l i n o i s  No. 6 from the Captain Mine, Percy, IL ,  were 
used. Two separate batches, IL6 and IL6A. o f  the I l l i n o i s  coal were used. The char- 
a c t e r i s t i c s  o f  the 2 bituminous coals  are l i s t e d  i n  Table 1. 

The d e s u l f u r i z a t i o n  experiments were run i n  a batch reac to r  designed and con- 
s t ruc ted  a t  Ames Laboratory. The reac t i on  c r u c i b l e  (8 i n .  x 3.5 i n .  0.d.) was con- 
s t ruc ted  from Inconel tub ing.  A basket t o  ho ld the coal  was fashioned from 20 mesh 
s t a i n l e s s  s tee l  screen. The chromel-alumel thermocouple was sheathed i n  s t a i n l e s s  
s tee l .  

* Arms Laboratory i s  operated f o r  t he  U. S. Department o f  Energy by  Iowa S ta te  
U n i v e r s i t y  under Contract No. W-7405-Eng-82. 
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Table 1. Analyses f o r  P i t t sbu rgh  No. 8 (PT8) and I l l i n o i s  No. 6 ( IL6 and IL6A) 
Coal (on a d r y  basis, except f o r  mois ture)  

H.V.,  
% H,O % Ash % S ( P y r .  Su l f .  Org.) % V.M. B t u / l b  

PT8 2.18 7.02 3.12 (1.48 0.26 1.38) 39.27 13,482 

I L6 8.25 13.26 4.10 (1.82 0.29 1.99) 36.55 11,833 

IL6A 8.70 14.17 4.52 (2.21 0.23 2.08) 38.50 12,245 

For the experiments, 509 o f  coal ( u s u a l l y  12 x 0 mesh) were placed i n  the basket 
and covered w i t h  4009 NaOH and lOOg KOH. The basket, thermocouple, and s t i r r i n g  rod 
were placed i n  the c r u c i b l e ,  and the  c r u c i b l e  was lowered i n t o  t h e  preheated furnace. 
The coal -caust ic  m i x t u r e  was s t i r r e d  and kept at 370'C f o r  1 hour wh i l e  a continuous 
f l o w  of n i t rogen  above the  c r u c i b l e  provided an i n e r t  atmosphere. 
act ion,  t he  basket con ta in ing  the coal cake was removed from the reac to r .  The cake 
contained about 2 p a r t s  o f  caus t i c  adhering t o  1 p a r t  o f  coal by weight. 
was f i r s t  washed w i t h  2L o f  water, fo l lowed by 1L o f  10% H,SO, o r  HC1, and then a 
f i n a l  wash w i t h  2 o r  4L water. 

The cleaned coa l  was d r i e d  at  l l O ' C  overn ight  and then sampled f o r  analys is .  
Moisture, ash, and p y r i t i c  and s u l f a t e  S were determined by ASTM procedures (10). 
To ta l  S was determined by high-temperature combustion us ing a F isher  Tota l  S u l f u r  
Analyzer. Organic s u l f u r  was determined by d i f f e rence .  

1983, from the TRW Gravimelt Benchscale Run #2 performed i n  C a l i f o r n i a .  The samples 
included raw coal, water-washed caus t i c - t rea ted  coal ( in termediate product),  and the 
f i n a l  clean product ( a f t e r  add i t i ona l  ac id  and water wash) from the  Grav ine l t  Pro- 
cess. I n  a d d i t i o n  t o  the standard analyses described above, the samples were a lso 
analyzed d i r e c t l y  f o r  organic s u l f u r  by a technique u t i l i z i n g  scanning e lec t ron  m i -  
croscopy (SEM) and energy-dispersive x- ray spectrometry as described by Straszheim 
e t  a l .  (11). 
t h e i r  d i s t r i b u t i o n  among d i f f e r e n t  p a r t i c l e  s izes by SEM and automated image analys is  
(SEM-AIA), a technique described p rev ious l y  by Straszheim and Markuszewski (12). 

A f t e r  t h e  r e -  

The cake 

F o r  comparison, samples o f  another P i t t s b u r g h  No. 8 coal were obtained i n  March, 

Furthermore, they were character ized f o r  var ious minera l  phases and 

RESULTS AND DISCUSSION 

Standard Condi t ions 

The r e s u l t s  f o r  several c leaning experiments on the P i t t sbu rgh  No. 8 (PT8) and 
I l l i n o i s  No. 6 ( I L 6  or  IL6A) coals  are presented i n  Table 2. For the  P i t t sbu rgh  
coai ,  under standard cond i t i ons  (runs #3 and #16), 77-82% ash removal and 65-72% 
su l fu r  removal were achieved w i t h  recover ies around 8540%. For the I l l i n o i s  coal, 
( I L 6  #6, IL6A #1, and IL6A #2), t he  ash and s u l f u r  removal were b e t t e r  at 87-89% and 
72-78%, respec t i ve l y ,  w h i l e  recover ies were lower a t  75-79%. 

Be t te r  Washings 

When more water was used f o r  the washing step (PT8 # lo )  and when the wash water 
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Table 2. 

Sample 
Run # 

PT8 
PT8 63 
PT9 19 

PT8 #10 
PT8 112 
PT8 #I6 
PT8 #13 

I 

I 

1 

Removal o f  S u l f u r  and Ash from P i t t sbu rgh  (PT8) and I l l i n o i s  ( I L 6  or  IL6A) 
Coals Under Standard' o r  Modi f ied Condit ions 

Condit ions' % H20 % Ash2 % Removal % S2 % S Removed 

Untreated 2.18 7.02 _ _ _ _  
Same as #3, 
but 10% HC1 
wash 0.16 2.27 67.6 0.91 70.8 
4L Wash 0.08 1.50 78.6 0.87 72.1 
4L Hot Wash 0.22 1.07 84.8 0.68 78.5 

0.18 1.61 77 .O 0.89 71.5 
#10 recleaned 0.17 0.30 95.8 0.38 87.8 

- -  - 
___- 3.12 

0.01 1.27 82.4 1.09 65.1 

% Ret.) 

---- 
89.7 

87.9 
89.6 
91  .o 
84.6 
72.8 ( o v e r a l l )  
81.1 (2nd s tep o n l y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

---- ---- I L  6 Untreated 8.25 13.26 ---- 4.10 

IL6  #IO -60 mesh (85%) 0.48 0.56 95.8 0.57 86.1 64.7 
IL6A Untreated 8.70 14.17 ---- 4.52 
IL6A #1 0.29 1.85 86.9 1.01 77.7 79.12 
IL6A 62 0.25 1.53 89.2 1.12 75.2 79.12 

I L  6 #6 +60 mesh (80%) 0.33 1.79 86.5 1.16 71.7 74.5 

---- _--- 

1 Standard condi t ions are: 1 O : l  caus t i c / coa l  r a t i o ,  4 : l  NaOH/KOH r a t i o ,  370'C f o r  
1 hour. 2L hot water (100'C) wash, 1L 10% H2S0, wash (60'C), 4L hot H20 wash 
(1OO'C). 

2 % Su l fu r  and % ash are repor ted on a d ry  bas is .  
Only nonstandard cond i t i ons  are l i s t e d .  

% Recovered, = %grams MAF coal out  x 100 
grams MAF coal i n  

was heated t o  100'C (PT8 #12), both ash and s u l f u r  removals were improved f o r  each 
s tep wi thout  appreciable decrease i n  recovery. 

D i f f e r e n t  Acid 

improved, but the ash removal was worse than f o r  run  PT8 13 i n  which 10% H,SO, was 
used. 

Recleaning 

When IN HC1 was subs t i t u ted  f o r  10% H,SO, (PT8 #9), the s u l f u r  removal was 

Best r e s u l t s  were obtained when cleaned coal from r u n  PT8 810 was cleaned again 
under the same condi t ions.  The f i n a l  ash content o f  0.30% and f i n a l  s u l f u r  content 
of 0 . 3 1  represent removals o f  96 and 88%. respec t i ve l y .  The o v e r a l l  recovery, how- 
ever, decreased t o  73%. 
d l i n g  and the associated mechanical losses. 

F ine r  Grind 

t h e  sample was ground t o  85% minus 70 mesh and used i n  run  #IO, t h e  f i n a l  ash content 

The lower recovery may be due p a r t i a l l y  t o  increased han- 

The 12 x 0 mesh IL6 coal, s ized as 80% plus 60 mesh, was used i n  run #6. When 
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of 0.56% and inal sulfur content of 0.57% achieved represent significant improve- 
ments in removal, t o  96% and 86%, respectively. The lower recovery of 65% can again 
be attributed in part  t o  mechanical losses of the f iner  coal through the mesh of the 
basket. 

Effect of Various Washings on Sulfur Forms 

The decrease in the to ta l  sulfur content of cleaned PT8 coal was followed by 
observing the various sulfur forms after different washing procedures. Results of 
these analyses are presented in Table 3. Use of a 2L wash under standard conditions 
( r u n  #3)  showed an appreciable residue of su l fa te  in the cleaned coal, greater than 
the amount of su l fa te  present in the original,  untreated coal. Such incorporation of 
sulfate a f t e r  treatment with H,SO, has been observed before in our laboratories (13). 
I t  may be due t o  the formation of organic su l fa te  es te rs  or formation of inorganic 
sulfates or some other mechanism for adding sulfate.  
used i n  run #lo, t h e  su l fa te  content was decreased significantly.  
used for the acid wash in r u n  #9, there was no chance of sulfate incorporation and 
t h u s  the f ina l  su l fa te  content was almost zero. 

When m r e  thorough washing was 
When 10% HC1 was 

Table 3. Effect of Washing Improvements on Sulfur Forms 

SamDle % Pvrit ic Sulf a t ic  Oraanic Total 
R u i  # Conditions G l f u r  Sulfur S i l fur  Sulfur 
PT8 Untreated 1.48 0.26 1.38 -XiT 
PT8  #3 Standard 2L wash 0.02 0.47 0.60 1.09 
PT8 #9 1(3% HC1 wash 0.06 0.02 0.83 0.91 
PT8  #10 4L wash 0.01 0.13 0.73 0.87 

Effect of Molten Caustic on Par t ic le  Size 

The Pittsburgh No. 8 coal used in run #3 was sized using sieves and a portable 
sieve shaker before and af te r  the molten caustic treatment. The resu l t s  of the sieve 
analyses are presented in Table 4. For the untreated coal, 20.1% of the particles 
were -60 mesh. After the treatment, 38.6% of the coal particles were -60 mesh, indi- 
cating severe comminution of the sample by action of the molten caustic. When the 
same cleaned and sieved sample was sieved again, the -60 mesh fraction increased to  
44.4% indicating tha t  the treated coal particles were f r iab le  and continued t o  break 
down further by even simple sieving. 
results showed that the par t ic le  size distribution was unaffected. The degradation 
of coal matter by molten caustic can occur by p i t t ing  due t o  removal of mineral 
grains as well as by direct  attack on the coal macerals. Observations of such a t -  
tacks have been made by Oder et al. (14) on samples prepared by TRW. In addition, 
sudden release of moisture and vola t i le  matter d u r i n g  contact with molten caustic can 
also contribute t o  the comminution process. 

When the raw coal was sieved for a second time, 

Effect of Gravimelt Process on Mineral Matter in Coal 

The samples of Pittsburgh No. 8 coal obtained f r m  TRW, representing raw coal, 
the intermediate product and the final cleaned coal, were analyzed by ASTM and other 
procedures. The resu l t s  are presented in Table 5. In the final product, the total  
and organic sulfur were reduced by 70-80% from the levels observed i n  the raw coal, 
and the pyr i t ic  sulfur was reduced by about 99%. while levels of su l fa te  sulfur were 
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Table 4. Sieve Analys is  f o r  P i t t sbu rgh  No. 8 Coal Before and A f t e r  
Cleaning With Molten Caustic a t  Ames Laboratory  

RAW COAL CLEAN COAL 

PASS 81 PASS #2 PASS #l PASS 12 
Mesh Size -hE-%- - - K - r n  
>12 15.0 14.6 4.5 3.1 

0-170 3.2 3.1 5.0 5.9 
0-200 1.2 1.2 1.9 2.2 

200-325 2.7 2.7 4.7 5.2 
<325 3.2 3.0 6.4 6.2 

Table 5. Analys is  o f  Raw and Gravimelt Treated P i t t sbu rgh  No. 8 Coal. 
Values are i n  % unless otherwise noted and, except f o r  moisture, 
are corrected t o  a d ry  bas i s ) .  

TRW 
Dataa 

M o i s t x e  6.46 
Ash 10.15 
Tota l  S 4.28 
P y r i t i c  S 2.20 
Su l fa te  S 0.02 
Organic S 2.06 
Elemental S ---- 
Heat Value, 13,282 
BTU/lb 
Minera l  Matter' 12.50 

(ppm) 

RAW 

Ame s 
Data 

0.89 
9.88 
4.22 
1.78 
0.20 
2.24 
29 

12 .oo ---- 

INTERMEDIATE PRODUCT 

TRW Ames Org. S 
Data Data by E M b  

3.27 
30.46 
0.43 

2.98 ---- 
29.22 ---- 
0.32 ---- 
0.02 ---- 
0.06 ---- ---- 0.24 0.08 

---- 
---- 

__-_ <1 ---- 

FINAL PRODUCT 

TRW 
Data 

13,780 

---- 
Analys is  o f  head sample. 
Procedure i n  Reference 11. 
Mineral matter = (1.13 x ash) + (0.47 x p y r i t i c  S), as i n  Reference 12. 

Ames 
Data 

1.25 
1.00 
0.86 
0.01 
0.26 
0.59 
4 

---- 
1.13 

Org. 5 
by SEMb 

no t  s i g n i f i c a n t l y  a f fected.  
t he  SEM technique were c o n s i s t e n t l y  lower than the i n d i r e c t  ASTM values. The devia- 
t i o n  was most pronounced fo r  the t rea ted  coals, which may i n d i c a t e  the format ion o f  
unusual minerals such as s u l f i d e s  or j a r o s i t e  dur ing the  Gravimelt process. Possi- 
b ly ,  incomplete d i s s o l u t i o n  o f  p y r i t e  i n  the ASTM method may a l so  have i n f l a t e d  the  
ASTM organic s u l f u r  values. These apparent discrepancies are being s tud ied f u r t h e r .  
The magnitude of  the reduct ions i n  l e v e l s  o f  the var ious s u l f u r  forms was genera l l y  
b e t t e r  than the reduct ions f o r  t h e  P i t t sbu rgh  No. 8 coals  observed a t  Ames Laboratory  
(see Tables 2 and 3). 

The organic s u l f u r  concentrat ions determined d i r e c t l y  b y  
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I n  addi t ion,  t h e  TRW samples were analyzed by the  SEM-AIA technique described 
The SEM-AIA data on the  minera l  phase i d e n t i f i c a t i o n  and d i s t r i -  p rev ious l y  (12 ) .  

bu t i on  between the s i z e  f r a c t i o n s  are presented i n  Table 6 f o r  a l l  t h ree  samples o f  
raw and t rea ted  coa l .  
minera ls  and a reduc t i on  o f  more than 90% i n  the o v e r a l l  content o f  the coal as a 
r e s u l t  of the TRW Gravimel t  Process. No major s h i f t s  i n  p a r t i c l e  s i z e  d i s t r i b u t i o n  
were observed, although the  p y r i t e  d i s t r i b u t i o n  s h i f t e d  somewhat towards the  coarse 
f r a c t i o n  a f t e r  process ing . 

A s i g n i f i c a n t  change i n  mineralogy can be observed f o r  the cleaned coals. The 
processed coals  showed a much greater percentage o f  ma te r ia l  c l a s s i f i e d  as "miscel- 
laneous" than d i d  t h e  raw coal, i n d i c a t i n g  format ion o f  unusual minera ls .  
washed, Grav imel t - t reated coal, t h i s  miscel laneous p o r t i o n  contained s i g n i f i c a n t  
amounts of  Ca, K, and/or Na. SEM-EDX examination showed a lso a general enhancement 
o f  these ca t i ons  i n  the coal r a t h e r  than i n  a separate phase or  i n  components en- 
r i c h e d  i n  these elements, i n d i c a t i n g  t h a t  they could be associated w i t h  the organic  
p o r t i o n  o f  coal  ( p o s s i b l y  w i t h  carboxy late o r  phenolate func t i ons ) .  Such enhancement 
o f  Ca ions i n  the  organic  p o r t i o n  o f  coal has been observed p rev ious l y  i n  coa ls  a f t e r  
treatment by t h e  h e s  Oxydesul fur izat ion Process (15) and i n  lower rank and severely 
weathered coals  (16). I n  the f i n a l  product from the Gravimelt treatment, t he  "mis- 
cel laneous" ma te r ia l  contained appreciable amounts o f  C r ,  Mn, and N i  or  Fe (o r  both), 
suggesting contaminat ion from n i c k e l  and s t a i n l e s s  s tee l  components. For many miner- 
a l  categories, the r e l a t i v e  weight percent decreased a f t e r  the caus t i c  treatment and 
then increased a f t e r  the ac id  treatment. It appears t h a t  the caus t i c  t reatment  a l -  
t e r e d  much o f  t h e  o r i g i n a l  minera l  matter wh i l e  forming unusual minera ls .  The i ron-  
r i c h  phase, f o r  example, i n  the  in termediate product could be NaFeO, which has been 
shown t o  be the  p r i n c i p a l  product from the  reac t i on  o f  FeS w i t h  fused NaOH (17). 
The subsequent ac id  treatment removed much o f  the unusual k ine ra1  mat ter  i n  the  "mis- 
c e l l  aneous and unknown'' category, thereby increas ing the re1 a t i v e  percentages i n  the 
o the r  mineral ca tegor ies .  

The SEM-AIA data show the n e a r l y  complete removal o f  many 

For the 

CONCLUSIONS 

Coal t r e a t e d  a t  Ames Laboratory w i t h  molten caus t i c  by a procedure s i m i l a r  t o  
t h a t  o f  the Grav imel t  Process resu l ted  genera l l y  i n  80-90% reduct ions i n  ash and 
70-80% reduct ions i n  t o t a l  s u l f u r .  The recover ies o f  coal on a mois ture-  and 
ash-free basis were 80-90%. The removal o f  s u l f u r  and ash cduld be improved b y  bet- 
t e r  washing, f i n e r  gr ind,  or  add i t i ona l  cleaning. SEM-AIA data on samples t rea ted  by 
TRW showed the format ion o f  unusual minera ls  i n  the t rea ted  samples, as we l l  as en- 
r ichment of these m ine ra l s  i n  c e r t a i n  elements. The decrease o f  90% i n  the ash con- 
t e n t  could be expla ined by the removal o f  i n d i v i d u a l  mineral phases i n  a l l  p a r t i c l e  
s izes.  

ACKNOWLEDGEMENTS 

Removal of organic  s u l f u r  was corroborated by a d i r e c t  SEM-EDX technique. 

This work was supported by the Ass i s tan t  Secretary f o r  Foss i l  Energy, D i v i s i o n  
of Coal U t i l i z a t i o n ,  through the  P i t t sbu rgh  Energy Technology Center, Coal Prepara- 
t i o n  Branch. 
TRW Systems, for supply ing samples of  raw and chemical ly  desu l fu r i zed  coal  on which 
our SEM-AIA analyses were performed. 

The authors g r a t e f u l l y  acknowledge Drs. R.A. Meyers and W.D. Har t  a t  

46 



\ 
I, 

\ 

I 
h 

Table 6. SEN-AIA C l a s s i f i c a t i o n  o f  Mineral Mat ter  i n  P i t t sbu rgh  No. 8 Coal 
Samples Obtained from TRW. The minera l  phases are described by 
chemist ry  and area-equivalent diameter ( i n  urn), expressed as 
weight percent o f  the t o t a l  coal .  

Raw Coal 

P a r t i c l e  size, pm 

Mineral Phase < 6.3 6.3-20 20-63 63-200 To ta l  

P y r i t e  0.25 1.67 1.63 0.96 4.50 
K a o l i n i t e  0.15 0.75 0.62 0.50 2.02 
I l l i t e  0.29 0.92 0.71 0.51 2.43 
Quartz  0.13 0.58 0.25 0.37 1.32 
I r o n - r i c h  0.01 0.04 0.22 0.71 0.98 
C a l c i t e  0.00 0.00 0.01 0.00 0.01 
S i  1 i c a t e s  0.08 0.13 0.03 0.14 0.39 
Misc. & Unknown 0.10 0.21 0.02 0.00 0.34 

To ta l  1.01 4.30 3.50 3.19 12.00 

Water-Washed Gravimelt-Treated Coal ( In termediate Product) 

P a r t i c l e  size, p m  

Mineral Phase < 6.3 6.3-20 20-63 63-200 To ta l  
I 

P y r i t e  0.13 0.18 0.08 0.00 0.40 
K a o l i n i t e  0.01 0.02 0.00 0.00 0.03 
I l l i t e  0.19 0.59 0.42 0.12 1.32 
Quartz  0.01 0.07 0.00 0.00 0.08 
I r o n - r i c h  0.33 1.05 1.15 1.14 3.67 
C a l c i t e  0.05 0.07 0.00 0.00 0.11 
S i l i c a t e s  0.12 0.18 0.20 0.46 0.95 
Misc. & Unknown 4.33 9.31 5.67 3.35 22.66 

Tot a1 5.17 11.46 7.53 5.07 29.22 

F i n a l  Grav imel t  Product 

P a r t i c l e  s ize,  urn 

Mineral Phase < 6.3 6.3-20 20-63 63-200 To ta l  

P y r i t e  .006 
Kaol i n i  t e  .019 
I l l i t e  .023 
Quartz  .023 
I r o n - r i c h  .004 
C a l c i t e  .003 
S i l i c a t e s  .007 
M i x .  & Unknown .093 

Tota l  .176 

.010 .074 .173 .262 

.054 .025 .154 .252 

.030 .008 .OOO .060 

.037 .014 .017 .091 

.004 .OOO .OOO .008 

.005 .002 .OOO .010 

.007 .003 .OOO .017 

.147 .060 .OOO .300 

.295 .185 .343 1.000 
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COAL DEMINERALIZATION WITH HOT ALKALINE SOLUTIONS 

C.-Y. Chi, R. Markuszewski, and T. D. Wheelock 

Chemical Engineering Department and Ames Laboratorya 
Iowa State University, Ames. Iowa 50011 

INTRODUCTION 

A process for extracting most of the mineral matter from coal was demonstrated 
recently (1). It involves treating fine-size coal with a hot alkaline solution to 
dissolve quartz and to convert clay minerals and iron pyrite into acid-soluble 
compounds which are extracted with dilute acid in a second step. Although various 
alkalis and acids may be utilized, Na2C03 and H2SO4 are advantageous because of low 
cost and ready availability. Preliminary work has shown that hot Na2C03 solutions 
readily convert kaolinite into sodium hydroaluminosilicates which are acid-soluble 
(2 ) .  That work has also shown that hot sodium carbonate solutions will dissolve 
quartz and convert iron pyrite into hematite, but not as readily as sodium hydroxide 
solutions. 

In this work, the characteristics of the two-step process were studied in 
greater detail using three different bituminous coals under a variety of conditions, 
with particular attention being given to the first step. The relative effectiveness 
of various alkalis was studied as well as the effects of alkali concentration, 
alkaline treatment time, and temperature. The alkali-treated coals were subsequent- 
ly leached with hot HN03 to remove mineral matter. Nitric acid was employed because 
it dissolves iron pyrite and is used for that purpose in ASTM Method D2492 (3) for  
determining various forms of sulfur in coal. 
should remain in coal which has been leached with HNO3, it was possible to obtain an 
indication of how much organic sulfur was removed by the two-step treatment. 

EXPERIMENTAL METHODS 

Since only organically bound sulfur 

Bituminous coals were obtained from several sources for this study (Table 1). 
Much of the work was.done with high volatile C bituminous coal from the Lovilia No. 
4 underground mine in Iowa. The 
different coals were ground to -200 mesh (U.S. Standard); a portion of each product 
was ball-milled further to approximately 90% -400 mesh. 
coal was leached with boiling dilute HNO3 to remove inorganic sulfur so that the 
sulfur content of the residue would reflect the organic sulfur content of the raw 
coal. The leaching procedure was similar to that of ASTM Method D2492 (3) and was 
described in more detail elsewhere (4). 

The other two coals were somewhat higher in rank. 

A sample of each prepared 

For the first step, 1 2  g. of ground coal and 120 ml. of alkaline solution were 
mixed and placed in a 300-ml. stainless steel autoclave equipped with a turbine 
agitator. 
temperature while the mixture was stirred continuously. After a period of treatment 
at constant temperature and pressure, the autoclave was cooled quickly, and the con- 
tents were filtered to recover the coal. The filter cake was washed with 400 ml. 
of distilled water, dried at 90'C for 4 hr., weighed, and analyzed for total sulfur 
and ash. 
an additional 30 min. with boiling 2.1 
fitted with a reflux condenser. In most cases, 250-300 ml. of acid was employed. 
After the acid treatment, the flask was cooled quickly to room temperature, and the 

The system was flushed with nitrogen and then heated to the desired 

A portion of the alkali-treated coal (usually 2.5-3.0 g) was leached for 
HNO3 in a stirred, three-neck Pyrex flask 

~ 

'Ames Laboratory is operated for the U.S. Department of Energy by Iowa State 
University under Contract No. W-7405-Eng-82. 
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contents  w e r e  f i l t e r e d .  The f i l t e r  cake w a s  washed, d r i ed ,  weighed, and analyzed 
as above. The a s h  content  of t h e  r a w  and t r e a t e d  coa l s  was determined by ASRI 
Method D3174 (3),  while t h e  s u l f u r  conten t  w a s  determined wi th  a Fisher  model 475 
t o t a l  s u l f u r  analyzer .  

REPORTING BASIS 

The ash conten t  of r a w  and t r ea t ed  coals  i s  repor ted  on a moisture-free b a s i s  
and t h e  s u l f u r  con ten t  on both a moisture- and ash- f ree  bas i s .  The ash reduct ion  
achieved corresponds t o  t h e  ove ra l l  change i n  moisture-free ash content  divided by 
t h e  moisture-free ash content  of the r a w  coal .  The reduct ion  in t o t a l  s u l f u r  con- 
t e n t  corresponds t o  t h e  change i n  t o t a l  s u l f u r  content  divided by the  t o t a l  s u l f u r  
content  of the raw coa l ,  a l l  on a moisture- and ash- f ree  bas i s .  The apparent reduc- 
t i o n  in organic s u l f u r  content  corresponds t o  t h e  d i f f e rence  between the  s u l f u r  
content of the acid-leached r a w  coal  and t h e  f i n a l  s u l f u r  content  of t he  acid- 
leached, a l k a l i - t r e a t e d  coa l  divided by the  s u l f u r  content  of t h e  acid-leached raw 
c o a l ,  a l l  on a moisture- and ash-free bas i s .  
r a t i o  of coa l  recovered during t h e  a l k a l i n e  treatment s t e p  t o  c o a l  charged, a l l  on 
a moisture- and ash- f ree  bas i s .  

EXPERIMENTAL RESULTS 

Coal recovery corresponds t o  the mass 

The r e s u l t s  of leaching ground r a w  coa l s  wi th  HNO3 alone are indicated i n  Table 
1. 
bound s u l f u r ,  wh i l e  t h e  ash content r e f l e c t s  t he  removal of i r o n  p y r i t e  and other  
minerals such a s  carbonates which a r e  so lub le  in n i t r i c  acid.  It can be seen t h a t  
ac id  leaching  a lone  reduced t h e  s u l f u r  content  of Cherokee coa l  by 57%. I l l i n o i s  No. 
6 coal by 44-55%, and Lower Kittanning coa l  by 84-872; a l s o  f o r  these coals  t he  ash 
conent was reduced by 63%. 44-56%, and 55-57%. r e spec t ive ly .  

The s u l f u r  con ten t  of t h e  acid-leached coa l  is i n d i c a t i v e  of t he  organical ly  

For the  a l k a l i n e  treatment experiments, a r e l a t i v e l y  long t i m e  w a s  needed t o  
h e a t  the reac to r  and its contents  t o  t h e  requi red  temperature. Typically,  it took 
20 min. t o  reach 150°C, 25 min. t o  reach  200°C, and 45 min. t o  reach 300'C. While 
t h e  temperature w a s  being r a i s e d ,  t h e  a l k a l i n e  a t t a c k  on t he  coa l  and i t s  mineral  
matter got underway. 
ba l l -mi l led  Cherokee coa l  was heated in 1.0 E Na2CO3 from room temperature t o  300.C 
(Figure 1 ) .  
300'C are a l s o  r e f l e c t e d  in Figure 1. 
r e s u l t s  of n ine  d i f f e r e n t  runs conducted f o r  var ious  t i m e  i n t e r v a l s .  The r e s u l t s  
show t h a t  by the  t i m e  t he  r eac t ion  mixture had reached 300°C t h e  s u l f u r  content of 
t he  coal  had been reduced by 56% which was equiva len t  t o  removing a l l  of t h e  
inorganic  s u l f u r .  As t h e  treatment w a s  continued a t  3OOOC. t h e  s u l f u r  content of 
t he  coal  was f u r t h e r  reduced u n t i l  a reduct ion  of 69% w a s  achieved. Further treat- 
ment w a s  counterproduct ive  as t h e  s u l f u r  content  of t h e  product a c t u a l l y  increased 
s l i g h t l y .  Thus f o r  maximizing s u l f u r  removal, t h e  optimum treatment t i m e  vas 85 
min. t o t a l  o r  40 min. beyond the  i n i t i a l  hea t  up period. 
t i m e ,  t h e  t o t a l  s u l f u r  content  of t h e  a l k a l i - t r e a t e d  c o a l  vas 27% below the  apparent 
organic s u l f u r  con ten t  of 1.13% indicated i n  Table 1 f o r  the  r a w  coal .  
appeared t h a t  some of t he  organic  s u l f u r  had been removed. 

This a t t a c k  can be  seen from t h e  changes which took place when 

Subsequent changes which occurred a s  t h e  treatment w a s  continued a t  
The d a t a  in t h i s  diagram.represent t he  

For t h e  optimum treatment 

Hence, i t  

The ash content  of t h e  a l k a l i - t r e a t e d  coa l  was  s l i g h t l y  h igher  than t h a t  of t he  
raw coal which w a s  probably due t o  t h e  formation of sodium hydroaluminosil icates.  
Coal recovery on a moisture- and ash-free b a s i s  dec l ined  gradual ly  as the treatment 
t i m e  w a s  extended (Figure 1 ) .  
t o t a l  t rea tment  t i m e  of 70 min. 

Moreover, t h e  rate of dec l ine  increased beyond a 

t h e  a lka l i - t r ea t ed  coa l  which had provided t h e  d a t a  f o r  Figure 1 was sub- 

The t i m e  and temperature of the a l k a l i n e  
sequent ly  leached f o r  30 min. with b o i l i n g  HNO3, the  o v e r a l l  r e s u l t s  shown i n  Figure 
2 were obtained f o r  t h e  two-step process. 
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treatment step are indicated. 
of removing the inorganic sulfur and reducing the total sulfur content of the coal 
by 57%, treating the coal with alkali first had a relatively small effect on the 
total sulfur content of the coal after the combined treatment. For the optimum 
alkaline treatment time, the total sulfur content was reduced 77.5% by the combined 
treatment, as compared to 69% for the alkaline leaching step alone. On the other 
hand, the combined treatment seemed to account for a significant reduction in the 
apparent organic sulfur content. 
organic sulfur content exceeded 45% for the combined treatment which seemed 
significantly greater than the 27% reduction noted for the alkaline leaching step 
alone. 

Since the HN03 leaching step by itself was capable 

For an extended treatment time, the reduction in 

The alkaline treatment step had a pronounced effect on what happened to the 
ash content of Cherokee coal when it was subsequently leached with acid. 
2 indicates, HN03 leaching of the raw coal reduced the ash content 63%. 
the coal with alkali for short intervals at temperatures up to 2OO'C had little 
effect on the results of subsequent acid leaching. But pretreating the coal at 
30OoC for even a short time resulted in lowering the ash content 90% when the coal 
was leached with acid. 

As Figure 
Pretreating 

To determine the effect of the final temperature during the alkaline leaching 
of Cherokee coal, several runs were carried out in which different portions of the 
coal were treated with 1.0 
alkali-treated coal was then leached with HN03. 
ing step are indicated in Figure 3 and the overall results in Figure 4. 
treatment temperature was raised, the quantity of sulfur removed by the first step 
increased greatly while coal recovery declined. 
up to 25OOC and then more precipitous beyond. 
content for both steps increased slightly and the reduction in apparent organic 
sulfur content somewhat more as the temperature of the first step was raised. 
overall reduction in ash content for both steps also rose but then reached a plateau 
at 250'C. 

Na2C03 for 1.0 hr. at various final temperatures. The 
The results of the alkaline leach- 

A s  the 

The decline in recovery was gradual 
The overall reduction in total sulfur 

The 

The effects of alkali type and concentration were studied by treating different 
portions of Cherokee coal with various alkaline solutions for 1 hr. at 30OoC (Table 
2)  and then by leaching with HN03. The sulfur reduction achieved in the first step 
was nearly the same for a majority of the alkalis; however, it was slightly lower 
for coal treated with either NaHC03 or KHCO3. Coal recovery in the first step was 
similar with most alkalis except that it was slightly higher for coal treated with 
Na2HC03and greatly lower for coal treated with NaOH. Because of the low recovery, 
the caustic-treated coal was not subjected to the second step. When the second step 
was applied to the other alkali-treated portions, the lowest sulfur and ash contents 
were obtained with coal treated with 1.0 
achieved similar overall reductions in sulfur and ash contents and provided a higher 
recovery. 

Na2C03. Lower concentrations of Na2C03 

Other coals were also subjected to the two-step treatment (see Table 3) .  The 
results obtained with ball-milled Illinois No. 6 coal were similar, in general, to 
those achieved with Cherokee coal. 
either coal, sulfur reduction increased and coal recovery declined as the tempera- 
ture was raised. 
of the alkali-treated product were higher for Illinois coal than for Cherokee coal. 
The high sulfur content of the treated Illinois coal appeared to be largely due to 
the higher organic sulfur content of the raw coal, while the higher recovery of this 
material seemed to be related to a difference in coal rank. When the alkali-treated 
Illinois coal was treated with HNO3, most of the ash-forming minerals were removed 
to give a low.ash content. 
lower than the apparent organic sulfur content of the raw coal, indicating removal 
of Some organic sulfur. As for Cherokee coal, the results with Illinois coal were 

When the alkaline treatment step was applied to 

However, for any given temperature the recovery and sulfur content 

Also, the total sulfur content of the final product was 



not affected greatly by alkali concentration, but in both cases the final ash con- 
tent achieved with the two-step process declined slightly as the alkali concentra- 
tion increased. The results with Illinois coal were also not affected greatly by 
particle size. The first-step recovery was slightly lower and the ash-content of 
the final product was slightly higher for -200 mesh coal than for -400 mesh coal. 
The sulfur content of the final product was nearly the same in both cases. 

Compared to the other coals, Lower Kittanning coal responded similarly in some 
ways to the two-step treatment but differently in other ways (Table 3). The 
differences seemed related to the high ash and sulfur contents of the coal and 
possibly to a difference in mineral species. Sulfur removal was affected by the 
alkaline treatment time and temperature much as for the other coals. However, 
because of the very high iron pyrite content, the alkaline leaching step never 
succeeded in reducing the total sulfur content to the level of the apparent organic 
sulfur content. On the other hand, after applying both steps, the final sulfur con- 
tent was always below the apparent organic sulfur content of the raw coal again 
indicating organic sulfur removal. 
somewhat by alkali concentration and a 1.0 concentration appeared optimum. Coal 
recovery was affected by changes in various parameters as for the other coals, but 
it was slightly higher for any given set of conditions in the case of Lower 
Kittanning coal. The greatest difference in results with this coal occurred with 
the removal of ash-forming minerals, because the alkaline treatment step appeared 
ineffective except under relatively mild conditions. The removal of ash-forming 
minerals by acid leaching was not improved by the first step in most cases. 
carring out the first step at a relatively moderate temperature (i.e., 250'C) or 
with the smallest alkali concentration or for the shortest time did it appear to 
have a beneficial effect on the overall results. 
the Lower Kittanning coal was unique in containing some component which reacted with 
alkali under more rigorous conditions to form an acid insoluble material. 

Sulfur removal in the first step was affected 

Only by 

Consequently it seemed as though 

DISCUSSION AND CONCLUSIONS 

A two-step process for extracting mineral matter and sulfur from coal was 
demonstrated with three different coals under a variety of treatment conditions. 
The first step involves treatment with a hot alkaline solution which extracts part 
of the sulfur and generally converts much of the mineral matter to an acid-soluble 
form. 
mineral matter. 
cial process, HNO3 was chosen for the present study in order to shed some light on 
the disposition of organic sulfur. 

The second step involves leaching with an acid to extract the converted 
Although H2SO4 would likely be used in the second step of a commer- 

A major concern of the present study was the effect of various parameters in- 
volved in the alkaline treatment step. Early in the investigation it was observed 
that NazC03, K2CO3, and NaOH were equally effective for removing sulfur in the first 
step while NaHC03 and KHCO3 were less effective. On the other hand, coal recovery 
suffered greatly when NaOH was used. 
est sulfur and ash contents were achieved with Na2CO3. In view of this result and 
various economic advantages, Na2C03 was selected for studying the effects of other 
parameters. The effects of alkali concentration appeared relatively minor in most 
instances. 
appeared optimum for removing sulfur in the first step whereas a smaller concentra- 
tion (0.2 E) resulted in a lower ash content overall for the two-step process. 

For the combined two-step treatment, the low- 

However. for Lower Kittanning coal an alkali concentration of 1.0 

Alkali-treatment time and temperature affected the results greatly. Sulfur 
removal increased and coal recovery decreased in the first step with rising tem- 
perature, and above 250°C coal recovery decreased disproportionately. 
mineral matter in the second step was affected by the temperature of the first step. 
With both the Iowa and Illinois coals, 

Removal of 

steps increased with temperature up to 
the overall reduction in ash content for both 
3OO0C and then leveled off. But with Lower 

I 

'i 
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Kittanning coal 250°C seemed to be the optimum temperature for reducing the ash con- 
tent. 
sulfur removal in the first step, but beyond this point less sulfur was removed. 
Coal recovery declined as the alkaline treatment time was extended, and the rate of 
decline accelerated after prolonged treatment. 

Increasing the alkaline treatment time up to a point resulted in increasing 

The apparent removal of organic sulfur by the two-step treatment observed with 
all three coals was of considerable interest. Since the total sulfur content of 
the treated coal was below that which could be achieved by leaching with HNO3 alone, 
it appeared that the alkaline leaching step either removed a significant quantity 
of organic sulfur o r  converted some of the organic sulfur into a form which was 
extractable with HNO3. In several instances the total sulfur content of Iowa or 
Illinois coal treated by the alkaline leaching step alone was below the apparent 
organic sulfur content of the raw coal indicating organic sulfur removal as well as 
inorganic sulfur removal, but usually the apparent reduction in organic sulfur con- 
tent was slight and may not have been significant. 

Lower Kittanning coal was unusual in that less rigorous alkaline treatment 
conditions were more effective than more rigorous conditions for converting the 
mineral matter into a form extractable with nitric acid. Additional work is needed 
to explain these unusual results. 
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Table 1. Bituminous Coals used i n  leaching  experiments 

Coal Seam Location Size Ash. Tot. S HN03 leached 

% Ash, Tot. S mesh X 
% % 

Cherokee group Monroe County, -400 8.24 2.65 3.05 1.13 
Iowa 

I l l i n o i s  No. 6 T r i v o l i  County, -200 12.75 3.71 5.55 1.66 
I l l i n o i s  -400 8.90 3.14 4.99 1.66 

Lower Kittanning Armstrong County, -200 18.07 10.44 7.94 1.88 
Pennsylvania -400 18.44 10.24 8.29 1.69 

Table 2. Resul t s  of  t r e a t i n g  Cherokee c o a l  w i th  d i f f e r e n t  alkalis a t  300'C f o r  1 
hr .  followed by leaching  wi th  HNO 3 

Alkaline treatment s t e p  Producta Overall reduction 
Alkali Recov., Ash, Tot. S S redn., Ash, Tot. S, Ash, Tot. S, Org. S, 

x x x x x % x x % 

0.2 gNa2C03 85.8 10.04 0.94 64.5 1.21 0.62 85.3 76.6 45.1 

0.6 MNa2C03 85.4 J0.32 0.84 68.3 0.95 0.62 88.5 76.6 45.1 

1.0 g Na2C03 78.7 11.90 0.92 65.3 0.88 0.62 89.3 76.6 45.1 

1.0 NaHC03 84.0 10.42 1.35 49.1 1.10 0.84 86.7 68.3 25.7 

1.0 M K 2 C 0 3  79.4 11.84 1.02 61.5 1.63 0.83 80.2 68.7 26.5 

1 .0  gKHC03 75.4 13.13 1.27 52.1 2.15 0.80 73.9 69.8 29.2 

2.8 ENaOH 35.6 13.42 1.02 61.5 -- -- -- -- -- 

i 

i 

I 

aAsh and t o t a l  s u l f u r  conten ts  of f i n a l  ac id- t rea ted  product. 
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Figure 1. Results of treating -400 mesh Cherokee coal with 1 NaZCO3. 
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Figure 2 .  Overall results  of applying the two-step process to Cherokee 
coal .  Time and temperature are for the alkaline treatment step. 
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REMOVAL OF TRACE ELEMENTS DURING CHEMICAL CLEANING OF COAL 

G. A. Norton, H. G. Araghi, and R. Markuszewski 

Ames Laboratory*, Iowa Sta te  Un ivers i ty ,  h e s ,  I A  50011 

ABSTRACl 

D i f f e r e n t  samples o f  I l l i n o i s  No. 6 coal, which had been t rea ted  w i t h  aqueous 
N q C O ,  so lu t i ons  a t  e levated temperatures and pressures and w i t h  molten NaOH/KOH 
mixtures at  atmospheric pressure i n  order t o  remove s u l f u r  and ash, were analyzed f o r  
t r a c e  elements be fore  and a f t e r  t reatment.  Although removal o f  s u l f u r  and ash were 
t h e  pr imary o b j e c t i v e s  of those treatments,  t h e  removal o f  t r a c e  elements by these 
chemical c leaning methods was inves t iga ted  i n  t h i s  work. X-ray fluorescence, atomic 
absorption. and i n d u c t i v e l y  coupled p l  asma-atomic emission spectroscopy were the  
instrumental  methods used t o  determine l e v e l s  o f  numerous t r a c e  elements i n  the  raw 
and t rea ted  coals. I n  general, the  aqueous Na,C03 treatments reduced l e v e l s  o f  Mn, 
Pb. and Zn b y  75% o r  more, wh i le  l e v e l s  o f  Cd and N i  were reduced by  lesser  m u n t s .  
I n  one run, s i g n i f i c a n t  reduc t ions  i n  the  l e v e l s  o f  Ba, Cr ,  Rb, Se, and S r  were a l so  
observed. The coa ls  t rea ted  by the  molten caus t ic  showed subs tan t i a l  reduc t ions  i n  
Concentrations o f  As. Cd. Hg. Pb. Rb, Se, Sr. and Zn. However, l e v e l s  o f  C r  and N i  
were elevated i n  t h e  t rea ted  coals, probably due t o  cor ros ion  of t h e  reac tor  compo- 
nents. 

INTRODUCTION 

Coal contains v i r t u a l l y  every element, most o f  which are present i n  t race  quan- 
t i t i e s  of 100 ppm o r  less .  Many o f  these t race  elements are t o x i c  t o  p l a n t  and ani-  
mal l i f e .  even at low concentrat ions.  Because power p lan ts  consume on the  order o f  
600 m i l l i o n  tons o f  coal  annual ly f o r  t he  produc t ion  o f  e l e c t r i c i t y  (l) ,  coal  com- 
bus t ion  can m o b i l i z e  thousands o f  tons o f  p o t e n t i a l l y  hazardous t r a c e  elements i n t o  
the  environment each year. Because o f  t he  l a rge  q u a n t i t i e s  o f  coal  combusted, even 
t r a c e  mounts  o f  t o x i c  elements can accumulate t o  hazardous l eve ls .  Also, po ten t i a l -  
l y  de le te r ious  e f f e c t s  o f  p a r t i c u l a t e  stack emissions from coal  combustion may be 
enhanced s ince  many t r a c e  elements are surface enr iched (2) and concentrate preferen- 
t i a l l y  i n  the  smal ler ,  more resp i rab le  p a r t i c l e  s izes  ( 3 ) .  

t h e r e  are also adverse techno log ica l  aspects o f  t race  elements i n  coal ,  such as ca t -  
a l y s t  poisoning i n  c a t a l y t i c  hydrogenation and g a s i f i c a t i o n  reac t i ons  (4,5,6).  

l y  if deep c lean ing  methods are employed (7).  
l y  remove f i n e l y  disseminated minerals o r ’ o r g a n i c a l l y  bound elements, thereby neces- 
s i t a t i n g  chemical t reatments f o r  removing many o f  t h e  d e l e t e r i o u s  elements i n  coal. 

a l  of t race  elements from U.S. coa ls  by chemical means. This survey included t race  
element assoc ia t ions  w i th  minera ls  and the  a f f i n i t i e s  o f  t r a c e  elements f o r  organic 
o r  inorganic components. 
viewed i n  order t o  asce r ta in  any reduc t ions  i n  t race  element contents.  A thorou  h 
l i t e r a t u r e  survey o f  a l l  chemical c lean ing  methods revealed t h a t  caus t i c  o r  alkayine 
treatments, e s p e c i a l l y  when fo l lowed by an acid wash, are very e f f e c t i v e  i n  removing 
ash-forming minerals.  

* h e s  Laboratory i s  operated f o r  t he  U.S. Department o f  Energy by Iowa Sta te  Uni- 

Aside from t h e  de t r imenta l  environmental aspects o f  t r a c e  elements i n  coal ,  

Physical methods can e f f e c t i v e l y  remove some t race  elements f rom coal ,  especial-  
However, such methods do no t  adequate- 

A l i t e r a t u r e  survey was conducted t o  acquire in fo rmat ion  p e r t i n e n t  t o  the  remov- 

Previous s tud ies  on chemical c lean ing  methods were also re -  

v e r s i t y  under Contract  No. W-7405-Eng-82. 

I 

58 



! I n  t h i s  study, the e f fec t i veness  o f  t r a c e  element removal by two chemical coa l  
c leaning methods was examined. 
so lut ions,  and the other  invo lved treatment w i t h  molten NaOH/KOH mixtures.  I n  each 
case, ac id  washes were used as subsequent c leaning steps t o  decrease the ash content, 
fol lowed by water washes i n  the f i n a l  step. 

One method involved treatment w i th  aqueous Na,C03 e 
l 

BACKGROUND 

1 
I 

Based on the reviewed l i t e r a t u r e ,  i t  i s  ev ident  t h a t  modes o f  occurrence i n  U.S. 
coals  vary considerably, although several genera l i za t i ons  can be made. Many elements 
o f  environmental concern, i n c l u d i n g  As, Cd, Hg, Pb, and Zn, genera l l y  assoc iate w i t h  
t h e  minera l  p o r t i o n  o f  t he  coal and tend t o  associate w i t h  p y r i t e  o r  accessory su l -  
f i d e  minerals. The element As has been found t o  occur i n  s o l i d  s o l u t i o n  i n  p y r i t e  
(E), wh i l e  Cd has been found i n  s o l i d  s o l u t i o n  i n  s p h a l e r i t e  (9,lO). The predominant 
minera l  species con ta in ing  a p a r t i c u l a r  element can vary. I n  one example, Pb seems 
t o  be present most ly  as PbSe i n  Appalachian Basin coals, bu t  i t  tends t o  e x i s t  i n  the 
form o f  PbS i n  coals  from o the r  reg ions (8 , l l ) .  Minera ls  i n  coal o f t e n  occur, a t  
l e a s t  p a r t i a l l y ,  as f i n e l y  disseminated gra ins.  Although most t r a c e  elements appear 
t o  be l a r g e l y  i n o r g a n i c a l l y  associated, several o f  them have a s t rong a f f i n i t y  f o r  
t h e  organic p o r t i o n  o f  t he  coal and are bel ieved t o  be present as metal chelates.  
Among the elements i n  the  l a t t e r  category are B, Be, and Ge. Many elements, such as 
C r ,  Cu, N i ,  and Se, appear t o  have a mixed o r  h i g h l y  v a r i a b l e  o r g a n i d i n o r g a n i c  a f -  
f i n i t y  i n  sone coals. 
assoc iat ions o f  t race  elements can va ry  w ide ly  from coal  t o  coal and can show both 
extremes i n  t h e i r  a f f i n i t i e s .  

Again, these are o n l y  genera l izat ions,  s ince organic / inorganic  

I 

A l i t e r a t u r e  rev iew on t r a c e  element removal by chemical c leaning methods i n d i -  
cated t h a t  leaching coa ls  w i t h  var ious acids t o  study t r a c e  element removal was com- 
mon. I n  one study, var ious coals  f rom eastern, cen t ra l ,  and western coal reg ions 
were cleaned by a combination o f  phys ica l  and chemical means, and e x t r a c t i o n  e f f i -  
c i enc ies  f o r  numerous elements were ascer ta ined by analyzing the raw and t r e a t e d  
coals  (12). Cleaning was performed by f l o a t i n g  the  coals  at  a s p e c i f i c  g r a v i t y  o f  
1.40, g r i nd ing  the f l o a t  f r a c t i o n  t o  -325 mesh, and then success ive ly  leaching w i t h  
10% HNO , 49% HF, and 25% HCl. Resul ts  o f  t h e  analyses on the  raw and cleaned coals  
showed t h a t  l e v e l s  o f  Be were reduced by 90% o r  more, wh i l e  l e v e l s  o f  As, B, Cr, Cu, 
Mo, N i ,  Se, and V were reduced by  at l e a s t  70%. 
values, and standard dev ia t i ons  were sometimes l a r g e r  than the  averages. 
study, phys ica l  separat ion by f l o t a t i o n  fo l lowed by ac id  leachings was found t o  be 
much more e f f i c i e n t  a t  removing t r a c e  elements than f l o t a t i o n  alone. 

a chemical treatment. are sparse. Only a few o f  t he  chemical c leaning processes stud- 
i ed  i n  the past o r  c u r r e n t l y  be ing developed present t r a c e  element data i n  a d d i t i o n  
t o  the  conventional s u l f u r ,  ash, and heat ing values. 

However, these are o n l y  average 
I n  t h a t  

Results on t r a c e  element removal dur ing d e s u l f u r i z a t i o n  and demine ra l i za t i on  by 

One o f  these exceptions i s  the Jet  Propuls ion Laboratory C h l o r i n o l y s i s  Pro- 
cess, i n  which c leaning was genera l l y  accomplished by  bubbl ing c h l o r i n e  through a 
m ix tu re  con ta in ing  100 grams o f  f i n e l y  ground coal, 200 grams o f  so lvent  ( e i t h e r  
methylchloroform, carbon t e t r a c h l o r i d e ,  o r  t e t rach lo roe thy lene ) ,  and 20-70 grams o f  , 

water (13). 
f o r  10-20 minutes. The coal was then hydrolyzed by washing w i t h  water f o r  60-120 
minutes a t  60-100°C and subsequently dechlor inated a t  350-55O'C i n  a steam atmos- 
phere. 
were reduced by 50-90% (13,14). 

The c h l o r i n a t i o n  s tep was conducted at  50-100°C at  atmospheric pressure 

For some coals  t rea ted  under these condi t ions,  l e v e l s  o f  As, Be, Pb, and V 

I n  another one, t he  B a t t e l l e  Hydrothermal Process (15,16), an aqueous s l u r r y  o f  

Based on averages from several Ohio coals, t h i s  process 
f i n e l y  ground coal, NaOH, and Ca(OH), was heated f o r  10-30 minutes at  250-35O'C at 
pressures o f  600-2500 ps ig.  
reduced l e v e l s  o f  As, B, Be, Pb, and V by 70-90% (16). 
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In  yet  another chemical c leaning process, t he  Meyers Process, crushed coal  was 
leached w i th  an a c i d i c  s o l u t i o n  o f  f e r r i c  s u l f a t e  at  100-13O'C f o r  several  hours 
(17).  
extracted. A t  the same t ime the  content of  many t race  elements, such as As, Cd, Cr, 
Mn, N i ,  Pb, V, and Zn was s i g n i f i c a n t l y  reduced (18). S t i l l ,  the  data discussed 
above represent o n l y  a small f r a c t i o n  o f  the chemical processes t h a t  have been stud- 
ied. 

I f the leaching t ime was long enough, almost a l l  o f  t h e  p y r i t i c  s u l f u r  was 

EXPERIMENTAL 

Because caus t ic  o r  a l k a l i n e  t reatments are r e l a t i v e l y  e f f e c t i v e  at  removing 
ash-forming minera ls  from coal ,  p a r t i c u l a r l y  when fo l lowed by an ac id  wash, t h e  ex- 
t r a c t i o n  e f f i c i e n c y  o f  t race  elements was assessed f o r  several  o f  these treatments i n  
t h i s  study. Two samples o f  an I l l i n o i s  No. 6 run-of-mine coal were obtained which 
had been t rea ted  f o r  one hour w i th  1.0 M Na,CO a t  250'C i n  an i n e r t  atmosphere (19). 
One o f  t he  samples was then washed with-2.0 M ?IC1 t o  ob ta in  t h e  f i n a l  product. 
other sample was f i r s t  p re t rea ted  w i th  0.2 M-Na,CO, at  150'C f o r  one hour under 13.6 
atm. oxygen, then t rea ted  as the  above sample i n  an i n e r t  atmosphere, and subsequent- 
l y  washed w i th  1.8 1 H,SO,. A l l  the  Na,CO, t reatments were performed under pressure 
i n  an autoclave. 

The 

Tu, add i t i ona l  samples were obtained from a d i f f e r e n t  I l l i n o i s  No. 6 coal used 
f o r  molten caus t ic  t reatments a t  h e s  Laboratory under cond i t ions  s imu la t i ng  the  TRY 
Gravimelt Process. I n  t h a t  process, coal  was t rea ted  w i th  a molten 4 : l  NaOH/KOH 
mix tu re  f o r  one hour at  370'C. A f te r  separat ing and washing t h e  coal  w i t h  water, t he  
coal  was t rea ted  with 1oX; H,SO, and then w i th  a f i n a l  water wash. Two runs  were 
made, one being made i n  the  normal manner and the  o ther  w i th  powdered reagent-grade 
i r o n  included i n  the  coa l /caus t ic  mixture.  The i r o n  was added i n  hopes t h a t  i t  would 
act  as a s u l f u r  scavenger and improve coal  d e s u l f u r i z a t i o n .  

I n  add i t i on  t o  these samples. several  coal samples were provided by TRW Systems, 
Inc.  (Redondo Beach, CA). The samples represented I l l i n o i s  No. 6 and P i t tsburgh No. 
8 coa ls  before and a f t e r  t reatment by the  Gravimelt Process. 

ANALYTICAL METHODOLOGY 

A l l  coals were analyzed a t  h e s  Laboratory using energy-dispersive x-ray f l u o r -  
escence (ED-XRF), i n d u c t i v e l y  coupled plasma-atomic emission spectroscopy (ICP-AES), 
and atomic absorpt ion spectrophotometry (AA). 

For the  de terminat ions  o f  Cd and Pb by AA, the  coal  samples were ashed at  500'C 
and the  ashes were subsequently dissolved i n  accordance w i t h  procedures descr ibed i n  
ASTM Method D-3683 (20).  Bas ica l l y ,  the  ash was d isso lved i n  a mix tu re  o f  HNO , HC1, 
and HF in  a t i g h t l y  capped p l a s t i c  b o t t l e  i n  a steam bath. Saturated H,BO, so ju t i on  
was then added t o  t h e  mix tu re  t o  complex the  excess f l u o r i d e  and t o  improve flame 
proper t ies  dur ing  AA measurements. 
sample so lu t i ons  were prepared by f i r s t  t r e a t i n g  the  coal  w i th  ho t  HMO, and then w i th  
fuming 
used (2$?04Conventional f l a m e  PA was used f o r  the Cd and Pb determinat ions,  wh i le  
hydr ide  generat ion AA was used f o r  the  As, Sb, and Se. 
p o r t i o n  of the coal was placed i n  a Parr bomb conta in ing  1oX HNO,. 
t he  contents o f  the  bomb were washed i n t o  an Erlenmeyer f l ask ,  and SnC1, so lu t i on  was 
added t o  t he  m i x t u r e  t o  reduce the  Hg f o r  convent ional  c o l d  vapor AA measurements. 
Correct ions were made f o r  reagent blanks i n  a l l  analyses by  PA. 

For the  coa ls  analyzed by XRF, samples t h a t  were +60 mesh were f i r s t  ground t o  
-60 mesh w i th  a boron carbide mortar and pes t le .  The samples were then prepared by 
mix ing  tu, grams o f  sample w i th  0.2 grams of Somar Mix, a granulated p l a s t i c  b ind ing  

For t h e  AA determinat ions o f  As, Sb, and Se, 

For these d isso lu t ions ,  an Erlenmeyer f l a s k - r e f l u x  cap apparatus was 

For the  Hg determinat ion,  a 
A f te r  i g n i t i o n ,  
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agent. 
was scaled down p ropor t i ona l l y .  
of about 5000 ps i .  

f o r  Cd and Pb. The so lu t i ons  were d i l u t e d  as necessary and were then nebul ized and 
introduced i n t o  the plasma. L ine  spect ra were c o l l e c t e d  w i th  a mul t i -channel  anal- 
yzer  and co r rec t i ons  were made for reagent blanks and background s h i f t s .  
analyses, NBS Standard Reference Mater ia l  1632, a bituminous coal, was used f o r  i n -  
strument c a l i b r a t i o n .  

If less than tw grams o f  sample were avai lab le,  the amount o f  b ind ing  agent 
The powder was then pressed i n t o  d i sks  at a pressure 

Analyses by ICP were performed on t h e  same d i s s o l u t i o n s  used f o r  t he  AA analyses 

The XRF analyses were performed using a Mo-target x- ray tube. 

For a l l  

RESULTS AND DISCUSSION 

Results o f  the analyses on coals before and a f t e r  treatment w i t h  aqueous Na,CO, 
so lu t i ons  and molten NaOH/KOH mixtures a t  Pmes Laboratory are shown i n  Table 1. 
Levels o f  Cd, Pb and Zn were r e l a t i v e l y  h igh  i n  the raw I l l i n o i s  No. 6 run-of-mine 
coal used f o r  the N$CO treatments. The elevated Cd l e v e l s  c o r r e l a t e  we l l  w i t h  the 
h igh  Zn levels ,  since Ca i n  coal i s  commonly associated w i t h  s p h a l e r i t e  (ZnS). 
Pb was probably present l a r g e l y  as galena (PbS). For the  a l k a l i - t r e a t e d  coal washed 
subsequently w i th  HC1, l e v e l s  o f  Mn, Pb, Rb, Sr, and Zn were reduced by  75% o r  more, 
wh i l e  l e v e l s  o f  Ba. Cd, C r ,  N i ,  and Se, were reduced by  30-60%. 
been pret reated showed reduct ions o f  75% o r  more f o r  Mn, Pb, and Zn, w h i l e  Cd and N i  
were reduced by 60% o r  m r e .  It i s  i n t e r e s t i n g  t o  note t h a t  every a l k a l i  and alka- 
l i n e  ear th  metal determined was enriched i n  the pret reated coal r e l a t i v e  t o  t h e  coal  
t h a t  was leached w i t h  no pretreatment. Some o f  these, such as Ba and Ca, were m r e  
concentrated i n  the pret reated coal than i n  the raw coal .  
vated l e v e l s  o f  Ba, Cu, Se, and S r  i n  t he  pret reated coal i s  unce r ta in  at t h i s  t ime. 

(Table 1) showed t h a t  l e v e l s  o f  Fe, which i s  predominantly associated w i t h  p y r i t e  i n  
coal, was reduced by about 90% f o r  each o f  the two runs. Reductions i n  concentra- 
t i o n s  o f  o ther  elements which form abundant minera ls  i n  coal, i n c l u d i n g  A l ,  K, and 
S i ,  were also subs tan t i a l .  Because roughly  90% o f  the ash was removed, subs tan t i a l  
concentrat ion reduct ions i n  the major minera l - forming elements are expected. O f  t he  
t r a c e  elements, l e v e l s  o f  Ba, Rb, S r ,  and Zn were reduced by 70% o r  more and Se was 
reduced by 30% or m r e  i n  the coal t rea ted  i n  the normal fash ion (Run 1). 
coal from the t e s t  con ta in ing  the i r o n  a d d i t i v e  (Run 2). l e v e l s  o f  Rb, S r ,  and Zn 
were also reduced by 70% o r  more. Pb l e v e l s  remained e s s e n t i a l l y  constant  f o r  each 
o f  t he  t rea ted  coals. The e levated C r  and N i  l e v e l s  are be l ieved t o  be co r ros ion  
byproducts from the reac to r .  

i c a n t l y  h igher  than i n  Run 1, suggesting a m r e  severe a t tack  i n  the  second t e s t .  
the at tack were more severe, then l e v e l s  o f  Fe, A l ,  S i ,  and ash would be an t i c ipa ted  
t o  be somewhat lower than i n  Run 1. As can be seen from these data, t h i s  i s  indeed 
the  case. 
element reduct ions d i d  not  seem t o  be s i g n i f i c a n t l y  improved. 

was decreased t o  1% o r  less, and l e v e l s  o f  As, Be, Cd, Hg, Pb, Se, Sr ,  and Zn were 
reduced by 75-953. 
l y  associated w i th  p y r i t e .  
can be an t i c ipa ted  when most o f  t he  p y r i t e  i s  removed (as i nd i ca ted  f o r  both coal 
samples). 
the reduct ion l e v e l s  are not  as prominent nor as c lear-cut .  

The 

The coal t h a t  had 

The reason f o r  the e l e -  

Analysis o f  t he  XRF data on coals  t r e a t e d  w i t h  molten caus t i c  at Ames Laboratory  

I n  the 

I n  the coal t r e a t e d  by molten caus t i c  i n  Run 2, the C r  and N i  l e v e l s  are s i g n i f -  
I f  

However, desp i te  the  apparent ly  more severe at tack i n  Run 2, o v e r a l l  t r a c e  

I n  the coals t rea ted  by the Gravimelt Process at  TRW (Table 2), the ash content  

It i s  i n t e r e s t i n g  t o  note t h a t  most o f  these elements are comon- 
Thus, subs tan t i a l  reduct ions i n  l e v e l s  o f  these elements 

I n  addi t ion,  the l e v e l s  o f  Ba, Ge. Mn, and Rb were a l so  reduced; however, 
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Table 1. XRF Data on Coals Before and A f t e r  Treatment.a 

Ash ( X )  
A9 
A1 ( X I  
AS 

Ba 
B r  
Ca 
Cd 

C r  
cu 
Fe ( X I  
Ga 
Ge 
K 
Mn 
N i  
Pb 
Rb 

Sb 
Se 
S i  ( X )  
S r  
T i  
V 
Zn 

c1 (%) 

S d  ( X )  

Molten NaOH/KOH Treatment 

Raw 
Ill. No. 6 

14.17 
<2 
1.9 
3.4 

1.7 
49 

5650 
<2 

<1100 
27 
12 
1.19 
2.9 

<2 
1960 
51 
20 
14 
10 

<2 
4.52 

1.8 
3.1 
24 
640 
<150 
49 

Run 1 

1.24 

0.72 
1.0 

<1.0 

<20 

<lo 

<284 
<20 

<o. 1 
58 
<61 
0.189 
5.4 
<1.0 

ai0 
<18 
241 
17 
<1 .o 
0.96 

<20 
<1.0 
0.64 
1.0 

2 40 
<25 
11 

Run Zb 

1.02 

0.29 
3.8 

<2 

36 
<1 

<247 
<2 
C0.5 
144 

<113 
0.142 
1.4 
<2 
804 
22 
344 
10 
<1 

<5 
<2 

<2 
165 
<19 

0.84 

0.18 

8.2 

Aqueous Na2C03 Treatment 

Raw 
Ill. No. 6 

13.24 

2.0 
<20 

<5 
27 

4560 
49 
<0.1 
26 
38 

<12 
<17 
1775 
62 
24 
210 

2.7 

1.50 

9.6 
3.71 

3.0 
2.6 

<20 

11 
700 
<78 
1100 

Run 1 

2.61 

0.70 
2.1 

6.3 

<20 

17 

264 
<20 

18 
53 

0.86 

0.87 
4.5 
5.1 
65 
14 
14 
10 
<1.0 
2.40 

1.2 
0.68 
<1.0 

<20 

610 
<61 
36 

a Values are i n  ppm unless otherwise noted and are corrected t o  a d r y  bas is .  
Powdered i r o n  inc luded i n  coa l / caus t i c  mixture. 
Pret reated with 0.2 
Determined by a high-temperature combustion inst rumenta l  method. 

Na2C03 and oxygen. 

Run 2' 

2.91 

0.79 
<20 

<1.0 
59 
5.7 

7180 
20 
<0.1 
98 

2100 
0.12 
c4.5 
5.3 

9.5 
1260 

<lo 
24 
7.5 
1.84 

9.1 
1.5 

(20 

42 
450 
(58 
<240 
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i 
Table 2. XRF, AA, and I C P  Data on Raw and Chemical ly Cleaned Coals 

Received from TRY Systems, Inc.a 

~~ 

Ash ( X )  
Pyr .  s (%I 

2 
Cd 
As 
Sb 
Se 

Ag 
A1 ( X I  
As 
Ba 
B a* 
Be* 
B r  

C a* 
Cd 

C r  
C r *  
cu 
cu* 
Fe ( I s )  
Fe* ( X )  
Ga 
Ge 
K 
Mn 
Mn* 
N i  
N i *  
Pb 
Rb 
s 
Sb 
Se 
S i  ( X I  
Sn 
S r  
T i  
T i *  
V* 
Zn 
Zn* 

Ca ( X I  

c1 ( X I  

I l l i n o i s  No. 6 

Raw Cleaned 

9.23 0.53 
1.04 0.02 

Pi t t sbu rgh  No. 

Cleaned 

1.78 

0.26 0.04 
5.8 1.4 
0.70 0.16 
0.33 0.14 
0.09 0.08 
1.5 0.6 

0.15 0.10 
5.6 1.4 
0.44 0.024 
3.9 0.18 
0.06 0.06 
1.6 0.19 

A A  

D A T A  

<20 <20 

<5 <lo 
40 <40 
<25 <0.4 
0.77 co.10 
9.9 16 

1.6 <0.7 

0.16 
978 
<20 

23 
10 
16 
16 

0.10 

0.968 
1.1 

5.0 
<1 

1500 
49 
42 
17 

<lo 
10 

<20 
<3 

<20 
17 
630 
489 
<2.5 
31 
39 

4.8 

2.6 

2.2 

0.015 
63 
<20 

62 
54 

28 

0.041 

I ( N i )  

0.078 
0.051 

3.6 

9.9 
1.7 

<1 

360 

100 
47 
<lo 
<5 

<20 
<3 
<0.2 
<20 
<5 
370 
290 

0.47 

<0.9 
-3.9 
2.1 

<20 

<lo - 30 
13 

1.2 

0.6 
7.9 
0.18 

545 
<20 

<o .02 
23 
<6 
20 
12 

-1.3 
-2.3 
4.5 

1.54 

1100 
51 
23 
15 

<10 
4.3 

7.4 
2.4 

<20 
<3 

<20 
41 
770 
480 

4 1 4  
23 
20 

2.0 

<20 
<0.7 
<5 
<40 
C3.1 
<O .06 
3.4 
0.027 
72 
<20 

152 
110 

16 

0.053 

I ( N i )  

0.107 
0.033 

3.1 
<1 

620 
21 

132 
58 

<lo 
<5 

<20 
<3 

<20 
<5 
350 
190 

1.5 
-4 
<0.6 

4.4 

0.78 

0.23 

I C P  

a n d  

X R F  

D A T A  

~ 

a Values are i n  ppm unless X i s  noted and are corrected t o  a d r y  bas is .  

I C P  data. 

An " I u  
i nd i ca tes  an u n s a t i s f a c t o r y  determinat ion due t o  an i n te r fe rence  from another 
element (shown i n  parentheses). 
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CONCLUSIONS AND RECOMMENDATIONS 

The aqueous Na,CO, and moltefl NaOH/KOH treatments, fo l lowed by acid washes, 
e f fec t i ve l y  remove many t r a c e  elements from the  coals  studied. 
ros ion  o f  reac to r  components i n  the molten caus t i c  system, l e v e l s  o f  some elements, 
predominantly N i  and C r ,  are s u b s t a n t i a l l y  e levated i n  the t r e a t e d  coals. 
t e s t s  should be conducted on a greater  v a r i e t y  o f  coals  i n  order  t o  asce r ta in  the  
general e f f i c i e n c y  o f  t r a c e  element removal by these processes. 
d u c i b i l i t y  should be examined by  making a number o f  runs using the  same reac t i on  
condi t ions on d i f f e r e n t  po r t i ons  of t he  same raw coal .  

However, due t o  cor- 

S im i la r  

I n  addi t ion,  repro- 
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MODELING FUTURE EMISSIONS OF ATMOSPHERIC WLLUTANTS 

K r i s t i n  Graves 
Edward H. Pechan 

E.H. Pechan 6 Associa tes ,  Inc.  
5531 Hempstead Way 

Spr ing f i e ld ,  VA 22151 

INTRODUCTION 

In r ecen t  yea r s ,  Federa l ,  s t a t e ,  and l o c a l  governments have shown 
increas ing  i n t e r e s t  i n  studying air po l lu t ion ,  wi th  p a r t i c u l a r  emphasis on acid 
r a i n ,  v i s i b i l i t y ,  and o the r  po l lu t ion  i s sues .  To eva lua te  p o t e n t i a l  so lu t ions  t o  
the  problems a t  hand, cons iderable  d a t a  and information must be gathered and 
examined: c u r r e n t  l e v e l s  and pa t t e rns  of the  dependent va r i ab le s  t o  be s tud ied .  
p o t e n t i a l  f u t u r e  r egu la t ions  and technologies ,  and expected l e v e l s  of emissions and 
cont ro l  c o s t s  based upon f u t u r e  r egu la t ions  and technologies.  

For a i r  p o l l u t i o n ,  t he  f ive  dependent va r i ab le s  of i n t e r e s t  a r e  typ ica l ly  
emissions,  atmospheric t r anspor t ,  depos i t i on ,  e f f e c t s  o r  damage, and cos t s  of 
cont ro l .  Computer models have been developed t h a t  can p red ic t  the l e v e l s  o r  
pa t t e rns  of these  dependent va r i ab le s  f o r  s eve ra l  years or decades i n t o  the fu tu re  
based on h i s t o r i c a l  o r  cu r ren t  input d a t a  and information about o the r  f a c t o r s  t h a t  
may a f f e c t  t he  l e v e l  of t he  f i v e  va r i ab le s  of i n t e r e s t .  These models vary i n  t h e i r  
purpose, t h e i r  l e v e l  of d e t a i l ,  t h e i r  c o s t s  of development and use,  and t h e i r  
c a p a b i l i t y  t o  ana lyze  the  e f f e c t  of a l t e r n a t i v e  l e v e l s  of var ious  f ac to r s  on the 
dependent va r i ab le s .  The usefu lness  of computer models, r ega rd le s s  of t h e i r  
composition, l i e s  in t h e i r  a b i l i t y  t o  examine t h e  e f f e c t s  of a l t e r n a t i v e  
assumptions about independent va r i ab le s  on the  dependent va r i ab le s  without 
requi r ing  the  model user  t o  do a l l  necessary  r eca l cu la t ions  by hand. 

Severa l  f a c t o r s  d i s t ingu i sh  one model from another;  such f a c t o r s  include 
the general  s t r u c t u r e  of the  model, t he  l e v e l  of model d e t a i l  (u sua l ly  inverse ly  
r e l a t ed  to  t h e  t i m e  frame over which the  model makes i t s  p red ic t ions ) ,  and the 
use r - f r i end l ines s  wi th  which the model opera tes .  
tvo s t r u c t u r a l  t ypes  of models t o  make f o r e c a s t s  of fu tu re  a c t i v i t y  l eve l s :  
econometric and engineer ing  or process  models. Econometric models use h i s t o r i c  
d a t a  and r e l a t i o n s h i p s  t o  es t imate  f u t u r e  t rends  in var i ab le s  of i n t e r e s t .  
Engineering or process  models use the  phys ica l  r e l a t ionsh ips  of production 
processes (i.e.,  t h e  r e l a t i o n s h i p  between inpu t s  to a production process and its 
outputs )  to p red ic t  l eve l s  of t h e  dependent va r i ab le s .  

I n  genera l ,  po l icy  ana lys t s  use 

Th i s  paper s e l e c t s  one engineer inglprocess  model, t he  Environmental Trends 

ETAM I1 
Analysis Model I1 (ETAM II), and desc r ibes  the  methodology used to  fo recas t  
emissions of a number of a i r  po l lu t an t s  from the  e l e c t r i c  u t i l i t y  s ec to r .  
u ses  exogenous a c t i v i t y  l e v e l  information (1.e.. supplied from ou t s ide  the model 
r a the r  than produced wi th in  i t ) ,  t o  which production r e l a t ionsh ips  are applied as a 
means Of genera t ing  e s t ima tes  of po l lu t an t  emissions.  ETAM was o r i g i n a l l y  
developed t o  provide  environmental t rend  ana lyses  i n  support  of the U.S .  Department 
Of Energy's (DOE) 1983 National Energy Po l i cy  P lan  (NEPP). Since then, i t  has been 
updated wi th  modified algorithms and add i t iona l  c a p a b i l i t i e s  and new d a t a  have been 
added; t he  r e s u l t a n t  model is known as ETAM 11. 
and s e n s i t i v i t y  a n a l y s i s  i n  support of such programs a s  the  In te ragency  V i s i b l i l i t y  
Task Force and the  In te ragency  Prevent ion  of S ign i f i can t  De te r io ra t ion  Task Force. 

ETAM I1 and the methodology i t  uses  t o  fo recas t  e l e c t r i c  u t i l i t y  emissions 

In add i t ion ,  a br i e f  comparison of the  &dss ion  fo recas t ing  technique used 

ETAM I1 has been used f o r  po l icy  

of s u l f u r  d ioxide  (SOz) and nitrogen oxides  (NO ) a r e  descr ibed  i n  t h i s  
paper. 
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i n  ETAM I1 and those used i n  o the r  models is given. Also included a r e  sample 
r e s u l t s  from ETAM 11. 

ETAN I1 METHODOLOGY 

In t roduct ion  

ETAM I1 i s  a genera l ized  fo recas t ing  system t h a t  can be used to p ro jec t  a 
v a r i e t y  of environmental i nd ica to r s :  
water withdrawal and consumption, 4 types  of s o l i d  waste,  and 5 measures of 
r ad ia t ion .  ETAM I1 is unique i n  t h a t  i t  both covers numerous r e s idua l s  ( i . e . ,  
emi t ted  or  discharged a i r ,  water,  or s o l i d  waste po l lu t an t s )  and a l l  economic 
s e c t o r s  discharging those r e s i d u a l s  and is  easy to  use f o r  po l icy  ana lys i s  
purposes. ETAM I1 is capable of measuring the  ind ica to r s  i d e n t i f i e d  above from 
e igh t  source sec to r s :  e l e c t r i c  u t i l i t i e s ,  i ndus t ry ,  r e s i d e n t i a l  and commercial 
sources ,  t r anspor t a t ion ,  a g r i c u l t u r e ,  mining and minerals,  syn the t i c  f u e l s ,  and 
o ther  sources.  The "other" category inc ludes  sources such a s  f o r e s t  f i r e s  and dus t  
r i s i n g  from gravel roads. P ro jec t ions  f o r  the  a i r ,  water,  and s o l i d s  p o l l u t i o n  
ind ica to r s  can a l s o  be disaggregated by Federa l  region and energy use ca tegory  
( i . e . ,  r e l a t ed  or unre la ted  t o  energy production a c t i v i t i e s ) .  

21  a i r  po l lu t an t  spec ie s ,  2 water p o l l u t a n t s ,  

ETAM I1 i s  designed to  be a scoping model, t h a t  is ,  a model t h a t  w i l l  
provide quick r e s u l t s  based on a number of d i f f e r e n t  input assumptions. 
does not provide a g rea t  l e v e l  of d e t a i l ;  f o r  example, f o r e c a s t s  a r e  made a t  the  
Federa l  region l e v e l  of d e t a i l  ( t h e  50 s t a t e s  being aggregated i n t o  ten Federa l  
reg ions)  a t  5-year i n t e r v a l s  t o  the  year 2030. Emission e s t ima tes  a r e  a l s o  
ava i l ab le  by end use s e c t o r  and by indus t ry  type. Other models a r e  a v a i l a b l e  
which, although providing more d e t a i l ,  such a s  e l e c t r i c  u t i l i t y  p l an t  o r  e l e c t r i c  
genera t ing  un i t - spec i f i c  emissions on a monthly or year ly  b a s i s ,  may not make 
fo recas t s  so many years  i n t o  the  f u t u r e  o r  may be more d i f f i c u l t  t o  run in  terms of 
eva lua t ing  the e f f e c t s  of a l t e r n a t i v e  input assumptions. 

The model 

ETAM I1 a l s o  has been designed to  allow use r s ,  even those wi th  l i t t l e  o r  no 
computer experience,  t o  make runs.  For those in t e re s t ed  use r s  wi th  a minimal 
amount of programming experience,  the computer source code ( i . e . ,  the  commands t h a t  
c o n s t i t u t e  the model) can be a l t e r e d  t o  allow more complicated changes i n  input  
assumptions. 

Data Sources and Methods 

A number of ex te rna l  da t a  bases and models have been incorporated i n t o  ETAM 
11, e i t h e r  i n  f u l l  o r  i n  part. These include the  National Acid P r e c i p i t a t i o n  
Assessment Program (NAPAP)  inventory of non-u t i l i t y  emissions ( l ) ,  the  e l e c t r i c  
u t i l i t y  Unit  Inventory (2) .  t he  FORECAST e l e c t r i c  u t i l i t y  emissions model (3,  4 ) .  
d a t a  from the Residuals Accounting Model (5). DOE'S NEPP ( 6 ) .  and DOE Sec re t a ry  
Hodel's testimony before the  U . S .  House of Representa t ives  ( 7 ) .  I n  add i t ion  to  the  
exogenous dr iv ing  inpu t s  l i s t e d  above, ETAM I1 accepts  a number of user -spec i f ied  
assumptions which a f f e c t  i t s  r e s u l t s .  These are discussed i n  g r e a t e r  d e t a i l  i n  t he  
two volumes of ETAM I1 documentation (E, 9) .  

U t i l i t y  Methodology 

I n  general .  ETAM I1 uses  input  da t a  to  es t imate  e l e c t r i c i t y  genera t ion  in  
f u t u r e  years.  
a r e  then used to  es t imate  the  d ischarge  of var ious  environmental r e s idua l s .  
A l t e rna t ive  l eve l s  of economic or energy p r i c e  growth a f f e c t  emissions because 
economic f a c t o r s  and energy p r i c e s  a f f e c t  t he  demand and supply,  and the re fo re  the  
genera t ion ,  of e l e c t r i c i t y .  

Emission f a c t o r s  and the  e f f e c t s  of a l t e r n a t i v e  r egu la to ry  scena r ios  

The e l e c t r i c  genera t ing  Unit  Inventory (2 )  is a key component of the  
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pro jec t ion  process .  It  con ta ins  generat ing un i t - spec i f i c  da t a  on u n i t  type,  s i z e ,  
age,  capaci ty  f a c t o r ,  emission r a t e ,  and f u e l  use. The model compiles these data  
by s t a t e  and then de r ives  c e r t a i n  summary s t a t i s t i c s  -- f o r  example, the r a t i o  of 
baseload t o  peaking capac i ty  and the mix of f u e l s  used i n  peaking generat ing un i t s .  
The user of  ETAM 11, when running the u t i l i t y  component, provides input information 
on the fo recas t  horizon,  coa l  p l an t  l i f e t i m e s ,  c o a l  p l an t  capaci ty  f a c t o r ,  and 
environmental  r egu la t ions  (9) .  

ETAM I1 updates  t h e  1980 generat ing Unit  Inventory i n  5-year increments. 
For  each increment,  SO emissions from e x i s t i n g  generat ing u n i t s  a r e  reduced to 
meet a i r  r egu la t ions  (i.e.,  S t a t e  Implementation P lan  t a r g e t s ) .  Generating u n i t s  
a r e  r e t i r e d  according to  announced ret i rement  d a t e s  (10) occurr ing wi th in  each 
5-year increment. I f  no r e t i r emen t  d a t e  has been announced, generat ing u n i t s  a r e  
r e t i r e d  ( a f t e r  1991) according t o  d e f a u l t  re t i rement  d a t e s  l inked to  plant  
l i f e t imes .  Emission l e v e l s  a r e  f u r t h e r  reduced t o  r e f l e c t  these ret i rements .  

2 

Announced plans (10) t o  convert  o i l - f i r e d  capac i ty  t o  coa l  a r e  assumed to  
occur  as scheduled. Addit ional  conversions a r e  assumed to occur in  1 9  states. 
Emission l e v e l s  a r e  increased t o  r e f l e c t  these conversions.  

If the u s e r  has so s p e c i f i e d ,  ETAM I T  t hen  a d j u s t s  t h e  capac i ty  f a c t o r s  of 
e x i s t i n g  gene ra t ing  u n i t s .  The capac i ty  f a c t o r s  of o i l  and gas-f i red generat ing 
u n i t s  can be reduced to  i m p l i c i t l y  r e f l e c t  t h e i r  high f u e l  cos t s .  The capaci ty  
f a c t o r  of coal-f i red generat ing u n i t s  can e i t h e r  be increased to  r e f l e c t  u t i l i t i e s '  
success  i n  e f f o r t s  to reduce unusual ly  high r e se rve  margins or  be decreased t o  
r e f l e c t  lowered a v a i l a b i l i t y  as equipment ages. A l l  generat ing u n i t s  of a given 
f u e l  type a r e  a f f e c t e d  when an adjustment is made ( i . e . ,  the  capac i ty  f a c t o r  of a l l  
e x i s t i n g  coa l - f i r ed  generat ing u n i t s ,  r ega rd le s s  of age o r  locat ion.  would be 
r a i sed  or lowered to the spec i f i ed  r a t e ) .  Emission l e v e l s  a r e  adjusted 
accordingly.  

Nat ional  average growth r a t e s  f o r  e l e c t r i c i t y  demand, spec i f i ed  in t he  NEPP 
pro jec t ions ,  are a l l o c a t e d  t o  each s t a t e  according t o  the r a t i o s  implied in 1980 
North American E l e c t r i c  R e l i a b i l i t y  Council  (NERC) fo recas t s .  Within each state,  
demand i s  p a r t i t i o n e d  i n t o  baseload and peaking segments, using the s t a t e ' s  1980 
r a t i o  of baseload capac i ty  t o  peaking capaci ty .  Th i s  r a t i o  is assumed to remain 
cons t an t  throughout t he  p ro jec t ion  period. The f r a c t i o n  of t o t a l  demand t h a t  can 
be accommodated by e x i s t i n g  generat ing u n i t s  is sub t r ac t ed ,  and any remaining 
demand is assumed to  be s a t i s f i e d  by new baseload o r  peaking generat ing u n i t s ,  
depending on which segment is  unable to  meet demand. 

N e w  gene ra t ing  u n i t s  a r e  added according to  the on-l ine d a t e s  spec i f i ed  i n  
NERC'S announced generat ing u n i t  l i s t  and a r e  assumed to  operate  a t  the de fau l t  new 
u n i t  capaci ty  f a c t o r s .  
p a r t i c u l a r  s ta te  i f  they a r e  not  needed t o  meet t he  demand der ived from NEPP. The 
new coal-f i red gene ra t ing  u n i t s  a r e  assumed to  comply with cu r ren t  revised N e w  
Source Performance Standards (NSPS) or Prevent ion of S ign i f i can t  De te r io ra t ion  
r egu la t ions ,  depending upon which are more s t r i n g e n t ,  or a l t e r n a t i v e  regulat ions i f  
spec i f i ed  in  the inpu t  assumptions.  

The model w i l l  d e fe r  announced generat ing u n i t s  i n  a 

I f  a s ta te 's  e l e c t r i c i t y  demand is not met a f t e r  a l l  announced generat ing 
u n i t s  have been put on-l ine,  t he  model s i t e s  a d d i t i o n a l  new generat ing u n i t s  i n  the 
S t a t e  t o  meet p ro jec t ed  needs. 
decis ion:  

The following assumptions a r e  r e l evan t  t o  t h i s  

- each state's 1980 r a t i o  of baseload to  peaking capaci ty  remains 
cons t a n  t ; 

. a l l  a d d i t i o n a l  baseload generat ing u n i t s  b u i l t  a f t e r  the NERC 
announced generat ing u n i t  list i s  s a t i s f i e d  but before  the  year 
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2000 a r e  assumed t o  be coa l - f i red  (except in  Ca l i fo rn ia ,  where a l l  
new capacity i s  assumed to be from renewables); 

. 80 percent of new baseload genera t ing  u n i t s  b u i l t  a f t e r  the year  
2000 a r e  assumed t o  be coa l - f i r ed  and 20 percent  nuc lear  (except i n  
Ca l i fo rn ia ,  where a l l  new capac i ty  is assumed to be from 
renewables); 

. each a t a t e ' s  1980 mix of fue l s  used i n  peaking genera t ing  u n i t s  
remains cons tan t ;  and 

. new genera t ing  u n i t  emission s tandards  apply.  

NEPP p ro jec t ions  of u t i l i t y  s e c t o r  f u e l  use a r e  appl ied  a s  "con t ro l  t o t a l s "  
on ETAM 11's i n i t i a l  ca l cu la t ions  f o r  each pro jec t ion  year.  ETAM I1 determines  
each  s t a t e ' s  share  of o i l ,  c o a l ,  gas ,  nuc lear ,  and a l t e r n a t i v e  f u e l  use f o r  1980. 
ETAM I1 then  uses these  sha res  to  propor t iona l ly  d isaggrega te  the NEPP n a t i o n a l  
t o t a l s  f o r  each p ro jec t ion  year to y ie ld  fue l - spec i f i c  s u b t o t a l s  f o r  each s t a t e .  
The NEPP s u b t o t a l s  a v a i l a b l e  by f u e l  a r e  then used t o  c a l i b r a t e  ETAM 11's 
ca l cu la t ed  sub to ta l s  by f u e l  and s t a t e .  I n  e f f e c t ,  ETAM I1 makes marginal 
adjustments to the capac i ty  f a c t o r s  of each genera t ing  u n i t  (new and e x i s t i n g  
f a c i l i t i e s )  of a given f u e l  type i n  a p a r t i c u l a r  s t a t e  so t h a t  the model's f u e l  use 
t o t a l s  equal the NEPP con t ro l  t o t a l s .  Emission l e v e l s  a r e  then ad jus ted  i n  
propor t ion  to the f u e l  use adjustments.  

The above methodology app l i e s  t o  f o r e c a s t s  made t o  the year 2010. For 
p ro jec t ions  to  2030, each computational s t e p  i s  conducted in  the same manner. Tvo 
d i f f e rences  should be noted: 1 )  the  p ro jec t ion  proceeds i n  10-year increments so 
t h a t  each set of ca l cu la t ions  combines the  ca l cu la t ions  f o r  two increments i n  the  
1980 t o  2010 p ro jec t ion ;  and 2 )  t h e  t r ends  f o r  the  last 5-year increment (2005 t o  
2010) a r e  ex t rapola ted  f o r  the period 2010 t o  2030. For example, capac i ty  f a c t o r s  
are assumed to remain a t  t h e i r  2000 l e v e l .  ETAM I1 der ives  na t iona l - l eve l  
e l e c t r i c i t y  demand from NEPP and assumes s t a t e - l eve l  t rends  w i l l  continue l i n e a r l y  
a t  the 2005 t o  2010 r a t e .  Note tha t  for  these  longer-term p ro jec t ions ,  assumptions 
regard ing  p lan t  l i f e t i m e s  and emission s tandards  become inc reas ing ly  important.  

ETAM I1 i s  unique because, due to its s impl i c i ty  and s t r u c t u r a l  des ign ,  i t  
can be used to  examine a number of a l t e r n a t i v e  scenar ios  i n  a r e l a t i v e l y  s h o r t  
period of time. Scenarios examined can inc lude  the e f f e c t s  of d i f f e r e n t  coa l  p l an t  
l i f e t i m e s ,  fu tu re  environmental  r egu la t ions ,  and energy and economic fu tu res .  By 
combining scenar ios  t h a t  r e s u l t  i n  high o r  low l e v e l s  of r e s idua l  d i scharge ,  ETAM 
I1 can provide i t s  use r  with a range of emission l e v e l s ,  thus providing informat ion  
about uncer ta in ty  i n  f u t u r e  r e s idua l  d i scharge  l eve l s .  

COMPARISON WITH OTHER MODELS 

A number of o the r  computer models a r e  ava i l ab le  f o r  making p red ic t ions  of 
po l lu t an t  emissions from e l e c t r i c  u t i l i t i e s .  These models inc lude  the  Advanced 
U t i l i t y  Simulation Model (AUSM), the  National Coal Model (NCM), and the  

L Optimization Model f o r  Emission Generating Al t e rna t ives  (OMEGA). Table 1 
1 summarizes the  r e l evan t  f e a t u r e s  of each of these  models. 

Advanced U t i l i t y  Simulation Model 

I AUSM, sponsored by the  U.S. Environmental P ro tec t ion  Agency i n  suppor t  of 
, t h e  National Acid P r e c i p i t a t i o n  Assessment Program, i s  designed to p ro jec t  

e l e c t r i c i t y  demand, genera t ion ,  and a s soc ia t ed  emissions.  Considerable d e t a i l  is  
included i n  the model i n  seve ra l  a r eas ,  enabl ing  in-depth ana lys i s  of the e f f e c t s  
of var ious  l e g i s l a t i v e  scenar ios .  AUSM combines econometric modeling techniques 
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with  process modeling techniques,  r e s u l t i n g  in a more complicated i n t e r n a l  
S t ruc tu re  than t h a t  of ETAM 11. AUSM's coa l  supply module conta ins  d i s t i n c t  
r ep resen ta t ions  of coa l  cos t s  and a v a i l a b i l i t y .  The primary u t i l i t y  in format ion  
d a t a  base used by AUSM has d e t a i l  at the  e l e c t r i c  genera t ing  u n i t  l e v e l .  
recurs iveness  f ea tu re ,  which allows t h e  pro jec ted  p r i c e  of e l e c t r i c i t y  in one year 
t o  be r e f l ec t ed  in the demand f o r  e l e c t r i c i t y  in t he  following year ,  is used i n  an 
econometric por t ion  of the  model t o  f o r e c a s t  e l e c t r i c i t y  demand. 
wi th in  AUSM ca lcu la t e s  con t ro l  c o s t s  a s soc ia t ed  wi th  any p a r t i c u l a r  l e g i s l a t i v e  
a l t e r n a t i v e  examined. 

An annual 

A sepa ra t e  module 

AUSM uses  an ex tens ive  amount of input  da t a .  In add i t ion  t o  an  inventory 
of generating u n i t s  ( t h e  Unit  Inventory)  and an ex tens ive  f i l e  conta in ing  
information on coal reserves  and resources ,  a l a r g e  quan t i ty  of input d a t a  must be 
spec i f i ed  by the  user.  Default  va lues  a r e  ava i l ab le  f o r  these  parameters,  but a 
user  needs to  have some not ion  of appropr i a t e  values.  

AUSM requi res  two user -spec i f ied  scena r io  input f i l e s .  One of these  
provides g loba l  parameters (e .g . ,  i n f l a t i o n  r a t e ,  f l u e  gas d e s u l f u r i z a t i o n  minimum 
s i z e ,  e t c . )  and the o the r  provides s t a t e - s p e c i f i c  parameters (e.g. ,  s t a t e  emission 
l i m i t s ,  land use c o s t s ,  e t c . ) .  In a d d i t i o n  to  these  g loba l  and scena r io  
parameters,  each of the  ana lys i s  modules wi th in  AUSM has  a s e r i e s  of i n p u t s  which 
must be user -spec i f ied .  The e l e c t r i c i t y  demand module, f o r  example, r equ i r e s  
s t a t e - l eve l  fo recas t s  of f u e l  p r i ces ,  popula t ion ,  and economic a c t i v i t y  ind ica to r s  
( i . e . ,  personal income, earn ings ,  and employment). The AUSM coa l  supply module 
r equ i r e s  the user  t o  spec i fy  e s c a l a t i o n  r a t e 8  f o r  coa l  production c o s t s  a t  t he  
mine-mouth and the c o s t s  of mining and c leaning  coa l  (broken down by wages, c a p i t a l  
c o s t s ,  e t c . ) .  A s epa ra t e  module f o r e c a s t s  coa l  t r anspor t a t ion  c o s t s ,  which can be 
up to 70 t o  80 percent of the  de l ive red  p r i c e  of coa l .  

Outputs from AUSM a r e  more d e t a i l e d  than those from ETAM I1 and include 
s t a t e - l eve l  information on genera t ion ,  peak load ,  p r i ces ,  capac i ty  add i t ions .  
emissions and genera t ion  of r e s idua l s ,  coa l  use,  and u t i l i t y  f i n a n c i a l  s ta tements .  
P ro jec t ions  a r e  made f o r  20 yea r s  i n t o  the fu tu re .  

Nat iona l  Coal Model 

NCM, sponsored by the  U.S. Department of Energy f o r  use in s h o r t  and 
mid-term fo recas t ing ,  is used t o  a s c e r t a i n  the  impact of l e g i s l a t i o n  on the  coa l  
and e l e c t r i c  u t i l i t y  i n d u s t r i e s  and t o  p ro jec t  coa l  production, consumption, and 
p r i ces .  
inc luding  information on u t i l i t y  ope ra t ions  c o s t s ,  emission l i m i t s ,  c apac i ty  
f a c t o r s ,  coa l  demand and production, p r i c e  and use of a l t e r n a t i v e  f u e l s ,  and 
emission con t ro l  cos t s .  Outputs inc lude  coa l  production, t r anspor t a t ion ,  blending, 
and consumption; genera t ing  capac i ty  u t i l i z a t i o n ;  p o l l u t a n t  emissions; c a p i t a l  
expenditures;  and t ransmiss ion  of e l e c t r i c i t y .  Each of these  outputs  is a v a i l a b l e  
by NCM region (approximately equal  t o  s t a t e - l e v e l )  and by Federa l  reg ion  t o  the 
year  2010. 

The NCM is a process model t h a t  r equ i r e s  an ex tens ive  amount of d a t a  

P ropr i e t a ry  v a r i a n t s  of NCM a r e  o f f e red  by some firms. 

Optimization Model For Emission Generating Al t e rna t ives  

OMEGA, a process  model, was developed a t  Carnegie-Mellon Un ive r s i ty  and 
examines emission con t ro l  s t r a t e g i e s  of domestic coal-based e l e c t r i c  u t i l i t y  
p l an t s .  The cu r ren t  vers ion  examines only coa l  p l an t s  in a 31-s ta te  Eas t e rn  
region. Due to its s t r u c t u r e  and computational a lgor i thms,  OMEGA is l imi t ed  i n  the 
number of p l an t  types,  modes of t r anspor t a t ion ,  coa l  types ,  and so f o r t h  t h a t  it 
can  handle. The model is dr iven  by an e x p l i c i t  l i s t i n g  of expected coa l - f i red  
s t a r t u p s  from DOE'S Generating Uni t  Reference F i l e .  

Required inpu t s  to OMEGA a r e  ex tens ive  and inc lude  coa l - f i red  genera t ion ,  
use  of coa l  by u t i l i t i e s ,  e s c a l a t i o n  r a t e s  f o r  t r anspor t a t ion  c o s t s ,  coa l  p r i ces ,  
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coal  production, capac i ty  f a c t o r s ,  p l an t  l i f e t i m e ,  d i scount  r a t e ,  emission 
reduct ion  t a r g e t ,  and method of emission a l l o c a t i o n  among s t a t e s .  Model outputs 
inc lude  emissions and con t ro l  c o s t s  a t  the  s t a t e  l e v e l  to 1995. 

SAMPLE RESULTS FROM ETAM I1 

To provide an  i l l u s t r a t i o n  of the  type of ouputs provided by these  models, 
t h e  r e s u l t s  in Figure  1 a r e  based on the examination of a l t e r n a t i v e  coa l  p l an t  
l i f e t i m e s  by ETAM 11. Figure 1 shows a comparison of assumed 40 and 60 year  
u t i l i t y  p l an t  l i f e t i m e s  on emissions to  2030. As can be seen, these assumptions 
have no e f f e c t  on emissions from non-u t i l i t y  s e c t o r s ,  but have a tremendous e f f e c t  
on both the p a t t e r n  and the  l e v e l  of t o t a l  emissions. 

The s i g n i f i c a n t  impact of a p l an t  l i f e t i m e  assumption is due to the 
s t r i n g e n t  con t ro l s  placed on new p l a n t s  through NSPS requirements;  w i th  e a r l i e r  
re t i rement  of p l an t s ,  t he  newer and more s t r ingent ly- regula ted  p l an t s  come on-line 
much sooner. For SO emiss ions ,  t he  assumption regarding coa l  p lan t  l i f e t i m e  
a f f e c t s  the year in which i n d u s t r i a l  emissions become the primary con t r ibu to r  to 
t o t a l  emissions. 
f a l l  below i n d u s t r i a l  emissions by 2010. I f  a 60-year l i f e t i m e  is assumed, t h i s  
swi tch  w i l l  no t  OCCUK u n t i l  about 2030. 

2 

Under the  40-year l i f e t i m e  assumption, u t i l i t y  SO2 emissions 
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Figure 1. Coal Plant Lifetime Scenario Results 

(40 versus 60 year plant lifetimes) 
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ISOTHERMAL FLAME STUDIES OF LIMESTONE PROPERTIES RELEVANT TO 
SO2 REMOVAL FROM P.C. UTILITY BOILERS 
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In t roduc t ion  

Dry-1 imestone i n j e c t i o n  p r o v i d e s  an economically a t t r a c t i v e  means f o r  SO2 emissions 
c o n t r o l  i n  p u l v e r i z e d - c o a l - f i r e d  (P.c.) u t i l i t y  bo i l e rs .  The process i s  espec ia l l y  
a t t r a c t i v e  as a r e t r o f i t  f o r  o l d e r  b o i l e r s  because o f  the p o t e n t i a l l y  low cap i ta l  
c o s t s  r e l a t i v e  t o  o t h e r  SO2 con t ro l  technologies (1 ) .  i n  add i t ion ,  the  raw mater ia l  
i s  r e a d i l y  a v a i l a b l e  and r e l a t i v e l y  i n e x p e n s i v e  ( 2 ) .  E a r l y  demonstration tes ts ,  
however, met w i t h  l i t t l e  success. For example, acceptable l e v e l s  o f  SO removal could 
no t  be achieved. even wi th a l a r g e  s to ich iomet r ic  excess of l imestone (3 ) .  
I n  an a t t e m p t  t o  enhance t h e  captu.re o f  502, r e s e a r c h  has been conducted under 
c o n d i t i o n s  r e p r e s e n t a t i v e  o f  f u l l - sca le  systems (4.5). Fundamental experimental and 
t h e o r e t i c a l  r e s e a r c h  has a l so  been undertaken t o  examine the k i n e t i c s  o f  ca l c ina t i on  
and s u l f a t i o n  (6-11). 

The present  e f f o r t  was undertaken t o  i nves t i ga te  the  cond i t ions  which w i l l  opt imize 
SO2 removal f rom f l u e  gases by calcium-based dry  sorbent i n j e c t i o n .  The cond i t ions  
e x p l o r e d  included tfme, temperature, and sorbent type and preparat ion.  Sorbents were 
i n j e c t e d  under  e x p e r i m e n t a l  c o n d i t i o n s  which simulated, bu t  d i d  no t  dupl icate,  the 
e n v i r o n m e n t  o f  a p.c. u t i l i t y  b o i l e r .  The goa l  was t o  p r o v i d e  an environment 
r e p r e s e n t a t i v e  o f  la rge-sca le  systems, bu t  simultaneously we l l  character ized, uniform 
and reproducible.  

The approach t o  the present study was t o  u t i l i z e  a labora tory -sca le  apparatus t o  stuW 
t h e  s u l f u r  capture redc t i on  CaO t SO2 t 0.5 02 -CaSO4 under isothermal condi t ions i n  
a flame-gas env i ronment  des igned t o  s i m u l a t e  t h e  r a d i a n t  zone o f  a p.c. b o i l e r .  
Powdered sorbents were i n j e c t e d  and dispersed i n t o  a f l ow  reac tor  doped w i th  3600 ppm 
SO2 and d o w n - f i r e d  by  a f l a t - f l a m e  burner which provided residence times near 1.5 s 
f o r  tempera tures  f r o m  900-1200°C. SOP so rp t i on  was measured as a func t ion  of time, 
temperature, and sorbent cha rac te r i s t i cs .  

Experimental 

Reactor .  The r e a c t o r  i z  a dispersed-phase Isothermal Flow Reactor ( ITR).  The ITR 
prOv1deS a r e l a t i v e l y  l o n g  (up  t o  3.0 s) isothermal zone i n  which sorbent chemistry 
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Can be s t u d i e d  as a func t i on  o f  time, temperature, and environment. This reac to r  i s  
unique because i t  provides a l a r g e  volume f o r  d ispersa l  o f  sorbents a t  reasonable feed 
r a t e s .  T h i s  i s  necessa ry  t o  p e r m i t  s o l i d s  sampl ing f o r  chemical ana lys i s  w i t h i n  
p rac t i ca l  t ime frames. 

The ITR (F igure 1 )  i s  an e l e c t r i c a l l y  heated, gas-downfired drop-tube furnace. I t has 
a heated l e n g t h  o f  90 cm and accommodates a 10-cm diameter alumina reac t i on  tube. 
H e a t i n g  i s  p r o v i d e d  by s i l i c o n  c a r b i d e  g l o b a r s  l o c a t e d  i n  t h r e e  i n d e p e n d e n t l y  
r e g u l a t e d  h e a t i n g  zones 22.5- 45- and 22.5-cm l o n g .  The ITR has a maximum wa l l  
temperature o f  1500oC. 

The I T R  i s  d o w n f i r e d  b y  a porous bronze p l u g  wa te r -coo led  f l a t - f l a m e  bu rne r .  
Limestone was i n j e c t e d  i n t o  the  ITR along the ax i s  o f  the reactor  through the burner. 
The l imestones were i n j e c t e d  from a 1.1-mn i.d. tube, which produced a t u r b u l e n t  j e t ,  
e f f e c t i v e l y  d i s p e r s i n g  t h e  m a t e r i a l s  o v e r  a wide c r o s s  s e c t i o n  o f  t h e . r e a c t o r .  
Residence t imes  and h e a t i n g  r a t e s  o f  t h e  p a r t i c l e  streams were ca l cu la ted  based on 
c o n f i n e d  j e t  m i x i n g  t h e o r y  ( 1 2 )  and c o n v e c t i v e  and r a d i a t i v e  heat  t r a n s f e r  
c a l c u l a t i o n s .  Hea t ing  ra tes  were on the order o f  lo4  K/s and t o t a l  (end o f  r e a c t o r )  
res idence  t imes  o f  1.2 - 1.6 s were employed i n  t h e  exper imen ts  desc r ibed  here. 
S o l i d s  s a m p l i n g  f rom t h e  ITR was accompl ished w i t h  an i s o k i n e t i c  wa te r -coo led  
s t a i n l e s s  s tee l  probe. Sorbents were quenched r a p i d l y  and c o l l e c t e d  on a g lass f i b e r  
f i l t e r  l o c a t e d  a t  t he  base o f  the probe. The probe i s  1.2 m long and enables sample 
c o l l e c t i o n  w i t h i n  40 cm o f  tne sorbent i n j e c t i o n  l oca t i on .  

Temperature p r o f i l e s  i n  t h e  ITK a r e  snown i n  F igure 2. Temperatures were measured 
u s i n g  a 0.025-mm d i a m e t e r  b u t t - w e l d e d  suppor ted  t ype  S thermocouple.  Radiat ion 
c o r r e c t i o n s  t o  the thermocouple readings were appl ied on ly  f o r  non-isothermal reac to r  
c o n d i t i o n s ,  otherwise the co r rec t i ons  were smal ler  than +5OK. The p r o f i l e s  i n  F igure 
2 a r e  a l l  f o r  hydrogen-a i r  flames. Methane was the fueT used f o r  flame temperatures 
above 135OOC.. 

Sorbents .  Limestone samples evaluated i n  t h i s  study are l i s t e d  i n  Table 1. Each was 
c h a r a c t e r i z e d  b o t h  b e f o r e  and a f t e r  i n j e c t i o n  u s i n g  several a n a l y t i c a l  techniques 
which a re  l i s t e d  i n  Tab ls  2. Most o f  the raw mdte r ia l s  were analyzed f o r  chemical 
composition, p a r t i c l e  s i z e  d i s t r i b u t i o n ,  and s p e c i f i c  surface area. Samples c o l l e c t e d  
f rom the r e a c t o r s  were ana lyzed  f o r  carbon (carbonate), hydrogen (hydroxide), t o t a l  
s u l f u r  ( s u l f a t e )  and t o t a l  calcium. From these measurements the ex ten t  o f  c a l c i n a t i o n  
and calcium u t i l i z a t i o n  (percent  ca lc ium as s u l f a t e )  were determined f o r  most samples. 
I n  a d d i t i o n ,  t h e  p r e c a l c i n e d  d o l o m i t e  (060) and precalc ined Vicron 45-3 (V40) were 
c h a r a c t e r i z e d  by s p e c i f i c  s u r f a c e  area and pore s i z e  d i s t r i b u t i o n  before and a f t e r  
i n j e c t i o n  i n t o  the reactor .  

V i c r o n  45-3 and D3002 served,  respect ive ly .  as the basel ine c a l c i t e  and dolomite i n  
t h i s  stuay. They both are comparable i n  mean size, s p e c i f i c  surface area and both are 
h i g h - p u r i t y  m i n e r a l s .  It was from these l imestones t h a t  the V40 and 060 precalc ines 
were produced. Surface areas i nd i ca ted  f o r  the precalc ines are t y p i c a l .  However, the 
m a t e r i a l s  were produced i n  sma l l  ba tches  and surface areas va r ied  between batches. 
The type S mater ia l  i s  a pressure-slaked do lomi t i c  l ime.  
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I Table 1. PHYSICAL AND CHEMICAL PROPERTIES OF LIMESTONE SORBENTS 

Chemical Analysis.  
Mean Surface wt% 
Size, Area 

Mater ia l  Composi t l o n  m m2/ g Ca Mg 

Vicron 45-3 CaC03 11 0.6 39 .o 0.49 
03002 Dolomite CaC03-MgC03 10 0.54 24.8 11.3 
D60 Precalc ine Ca0-Mg0 -- 60.67 --- -_- 
V40 Precalc ine CaO -- 41.45 --- --- 
Type S (Warner) Ca(OH)7-Mg(OH)2 1.0 18.20 28.0 15.9 

- - - -  

I Table 2. ANALYTlCAL PROCEDURES 

PROCEDURES 

Brunauer, Emnetr, T e l l e r  
U2 absorp t ion  isotherm 

Pekin-Elmer 2406 

DETEHMINATiON 

Spec i f i c  Surface Area 

Carbon, hydrogen det. e x t e n t  
o f  ca l c ina t i on ,  hydra t ion  

Leco SC32 Total  Su l fu r  

ASTM D2795 Total  Calcium 
Chelometric T r i t r a t i o n  

I Sedigraph (X-ray 
sedimentation) 

P a r t i c l e  s i z e  d i s t r i b u t i o n ,  
mean s i z e  

Mercury i ns r rus ion  Pore s i z e  d i s t r i b u t i o n ,  t r u e  
por is imet ry  poros i ty ,  po ros i t y  d i s t r i b u t i o r  

Results 

\ 

I 
k 

. 
Calc ium u t i l i z a t i o n  was measured as a func t i on  o f  residence t i m r  i n  the  isothermal 
reac tor  ( ITR) f o r  t h e  f i v e  sorbents a t  temperatures of 900, 1000, 1100 and 12OO0C. i n  
each case t h e  i n i t i a l  SO2 c o n c e n t r a t i o n  i n  the  burned gases was 3600 ppm and the 
s o r b e n t  feed r a t e  was a d j u s t e d  t o  ensure a ca lc ium- to-su l fu r  r a t i o  (Ca/S) l ess  than 
1.0 SO t h a t  the  measured ca lc ium u t i l i z a t i o n  would no t  be a f fec ted  by SO2 dep le t ion  i n  
the  reactor.  

Sorbent Reac t i v i t y  Ranking. A t  900°C (F igure  3 )  the  capture l e v e l s  o f  the precalc ines 
and t ype  S are a11 grea ter  than those o f  the raw sorbents, D3002 and Vicron 45-3. I n  
p a r t ,  t h i s  i s  due t o  the t ime requ i red  for the  raw sorbents t o  ca lc ine .  A t  1.6 s, the 
D3002 i s  s t i l l  t ak ing  up SO2 whi le  the V40 cdpture p r o f i l e  has l eve led  o f f .  The type 
S s o r b e n t  h a s  a l o w e r  c a l c i n a t i o n  t e m p e r a t u r e  as well as a l e s s  endothermic  
C a l c i n a t i o n  r e a c t i o n  t h a n  t h e  raw sorbents .  It may i n  f a c t  ca l c ine  so qu ick ly  a t  
900°c t h a t  t h e  c a l c i n a t i o n  reac t i on  presents no impediment t o  su l fa t i on .  S i m i l a r i t y  
i n  the  r e a c t i v i t i e s  o f  060 and t ype  S m i g h t  be an i n d i c a t i o n  o f  the surface area 
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a t t a i n e d  by t h e  t ype  S m a t e r i a l .  
surface area) r a p i o l y  a t  t h i s  temperature. 

The 060 and V40 are n o t  expected t o  s i n t e r  ( l ose  

A t  1OOOOC (F igure 4) the r e l a t i v e  order o f  r e a c t i v i t y  has changed t o  Vicron 45-3 < V40 
< 03002 < 060 < type S. This r e f l e c t s  d l a r g e  increase i n  the r e l a t i v e  r e a c t i v i t y  O f  
03002. A t  1.5 s, t he  c a l c i u m  u t i l i z a t i o n  o f  03002 i s  approaching t h a t  o f  the 060 
precalc ine and from 0.75 s on the V40 remains j u s t  about 10 percent more r e a c t i v e  than 
V i c r o n  45-3. Both o f  t h e  raw s o r b e n t s  e x h i b i t  some de lay  i n  SO u p t a k e  due t o  
c a l c i n a t i o n ,  b u t  it i s  n o t  as severe as t h a t  experienced a t  9OOoC. A31 f i v e  sorbents 
d i sp lay  a dramatic increase i n  r e a c t i v i t y  between 900 and 1OOOoC. 

A t  both 900 and lOOOoC the data suggesr t h a t  SO2 capture occurs r a p i d l y  a t  f i r s t .  The 
r a t e  o f  s u l f a t i o n  then  s lows a b r u p t l y  o r ,  i n  some cases, approaches zero. Pore 
s t r u c t u r e  analyses o f  t h e  060 and V40 precalc ines suggests an explanat ion f o r  t h i s  
behav io r .  The a c t i v e  s u r f a c e  area o f  t h e  p r e c a l c i n e s  was found t o  occur i n  pores 
abou t  80 and 130 Ao i n  diameter f o r  the 060 and V40 precalcines, respec t i ve l y .  These 
p o r e s  rep resen ted  p o r o s i t i e s  o f  0.18 and 0.13 f o r  t h e  two so rben ts .  A f t e r  l o w  
tempera tu re  s u l f a t i o n  ( t o  a v o i d  s i n t e r i n g )  t o  about 25% u t i l i z a t i o n  the p o r o s i t i e s  
were reduced t o  0.15 and 0.08 ana t h e  a c t i v e  pore diameter o f  the s u l f a t e d  V40 was 
reduced t o  about 100 AO. Thus, pore p lugging reduces the a c c e s s i b i l i t y  o f  the a c t i v e  
sorbent surface t o  SO2 thereby reducing the g lobal  s u l f a t i o n  reac t i on  ra te .  

Temperature E f f e c t s .  F i g u r e  5 summarizes t h e  r a n k i n g  o f  r e a c t i v i t y  o f  the f i v e  
so rben ts  as a t u n c t i o n  o f  t empera tu re .  The data shown i n  F igure 5 were taken from 
smootned-by-eye r e a c t i v i t y  p r o f i l e s  a t  the residence t ime o f  1.0 s. There i s  very 
l i t t l d  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  r a n k i n g  i n  F i g u r e  5 because the slopes o f  
c a l c i u m  u t i l i z a t i o n  p r o f i l e s  a l l  were shal low a t  1.0 s. What has n o t  been taken i n t o  
account  i s  t h e  de lay  o f  the onset o f  s u l f a t i o n  f o r  Vicron 45-3 and 03002 due t o  slow 
ca l c ina t i on  a t  900 and 1000°C. Accounting f o r  the delay would a l t e r  rhe shapes o f  the 
t e m p e r a t u r e / u t i l i z a t i o n  p r o f i l e s  somewhat; however, it would no t  be r e f l e c t i v e  o f  the 
u l t i m a t e  r e s u l t  o f  l ow- tempera tu re  i n j e c t i o n  i n t o  a p.c. u t i l i t y  b o i l e r  where 
ca l c ina t i on  times may be a fac to r .  

The mos t  s i g n i f i c a n t  aspec t  o f  F i g u r e  5 i s  t h e  appearance o f  a maximum i n  t h e  
u t i l i z a t i o n  ach ieved  as a func t i on  o f  temperature. The l o c a t i o n  o f  the t r u e  maximum 
appears t o  be very near lOOOoC b u t  may be d i f f e r e n t  f o r  each sorbent. Although such a 
maximum m i g h t  have been p r e d i c t e d  as a r e s u l t  o f  the t radeo f f  between s i n t e r i n g  and 
reac t i on  k i n e t i c s ,  there was no suggestion t h a t  i t  would occur a t  the same temperature 
f o r  f i v e  d i f f e r e n t  sorbents. 

Conclusions 

For simultaneous c a l c i n a t i o n  and s u l f a t i o n  under isothermal condi t ions,  hydroxides and 
p r e c a l c i n e s  had  t h e  g r e a t e s t  i n i t i a l  r e a c t i v i t y .  A t  l o n g e r  t i m e s  and h i g h e r  
t e m p e r a t u r e s ,  however, t h e  advantages o f  p r e c a l c i n e s  d im in i shed .  I n  g e n e r a l ,  
d o l o m i t i c  m a t e r i a l s  were more r e a c t i v e  than c a l c i t i c  stones. The advantage o f  the 
hyd ra ted  d o l o m i t i c  l i m e  may, i n  p a r t ,  have been due t o  a small mean p a r t i c l e  s ize.  
Fo r  a l l  m a t e r i a l s  t h e  o p t i m a l  c a l c i n a t i o n  and s u l f a t i o n  tempera tu re  was 1000°C, 
r e f l e c r i n g  a ba lance o f  s low  r e d c t i o n  k i n e t i c s  a t  lower temperatures ana s i n t e r i n g  
( su r fdce  a rea  l o s s )  a t  h i g h e r  temperatures.  Conversion p r o f i l e s  exh ib i t ed  a Knee, 
s h i f t i n g  from r a p i d  t o  s low o r  ze ro  r a t e  o f  conve rs ion ,  c o n s i s t e n t  w i t t i  measured 
in te rna l  pore plugging due t o  su l fa t i on .  
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Figure 1 .  Schematic of the isothermal reactor with the 
burner and water-cooled probe installed. 
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Figure 2 .  Temperature profiles i n  the isothermal reactor. 
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AEsrRAcT 

Utilization of coal fine agglanerates i n  the presence of limestone offers an 
advantage of in-s i tu  sulfur fixation i n  the agglanerates during canbustion and/or 
gasification t o  minimize the mission of SO, into the atmosphere. An experiment i s  
carried out t o  s t d y  the kinetics of sulfur fixation i n  the coal fine-limestone ag- 
g l m r a t e s  i n  a i r  stream a t  temperature ranges of MOO- 900'~ using a fixed bed re- 
actor. 
with Ca/S mole ra t io  of 3. 'Ihe rate of sulfur fixation, i n  terms of total  sulfur 
and sulfate sulfur retained, i n  the coal fine agglanerates can be represented by a 
coupled diffusion and zone reaction d e l .  
sulfur fixation reaction is found t o  be 4 - 7 Kcal/mle. 

Seventy percent of total  sulfur reaction i n  the agglomerates can be achieved 

'Ihe activation energy of the overall 

INIROW(;TION 

Ihe most serious envirormental problems i n  coal mining regions are the coal 
fine slurry impauncatlents. 
cannunities, but also restr ic t  the use of land and water resources. 
rent concern over the impending energy shortages and envirormental problems, the 
coal fine wastes must be recovered from tai l ing jqxndments and waste streams of 
processing plants. ' Ihis can be used t o  clean up the coal slurry impcurdments and 
avoid need €or impoudmnts t o  protect our enviromnt .  A potentially attractive 
method to recover and uti l ize  these coal fines i n  producing clean energy with in- 
s i t u  sulfur fixation has been developed. 
Fig. 1.(1) ' Ih is  process includes coal fine-limestone agglaneration and canbustion 
steps. 

A nunber of publications have disclosed the effectiveness of applying sulfur 
acceptor sorbents within sulfide ore l l e t s  for  in-situ sulfur fixation and used 
as a hydrogen sulfide scavenger. (2,3y Ihe sulfur dioxide was € o d  and adsorbed 
by sorbent within the pellets as  a hydrate ( CaSO,) during a i r  roasting ( - 5 O o O C ) .  
Ihe hydrate was insoluable i n  acids and the sulfur was retained i n  the pellets dur- 
ing the subsequent acid leaching process. On the other ham, the hydrogen sulfide 
was generated and accepted by sorbent within the pellets in  H, or steam atmosphere 
( 6 O o O -  S O O O C ) .  The 'Cas i n  the pellets could be recovered as sulfur af ter  the acid 
leachlng process. Lime (Ca(CH),) was the only cannon sorbent that muld adequately 
control SO2 or HIS evolution within the sulfide ore pellets during the roasting or 
redxtion processes. Approximatley 90 percent of sulfur could be converted to  Cas 
or  CaSO, i n  the pellets i n  the presence of a stoichianetric amount of Ca(a),. 

the presence of limestone were reported by LaRosa and Michaels ( 4 ) ,  Buttemre (5), 
and Ban, et al. ( 6 )  Sixteen percent sulfur content of I l l inois  coal refuse was 
mixed w i t h  limestone and carbonized in  the N, atmosphere. Sixty-two percent of 
sulfur converted to Cas and FeS within the pellets was reported by LaRosa, et al .  
But temre investigated the effect of various sorbents on the Ohio raw coal and 
West Virginia coal refuse for sulfur fixation i n  the pellets. The results showed 

lhey not only present hazardous conditions t o  the local 
Because of cur- 

'he proposed flow sheet i s  depicted i n  \ 

i The processes related t o  the in-situ sulfur fixation i n  the coal pellets i n  

* 

02 
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that a 1WL sulfur retention efficiency in coal hydrated lime pellets and 93% in the 
coal-limestone pellets at the 1W7 stoichiometric CaO could be achieved. A clean 
pellet fuel process was developed by Ban, et al. 
tained during carbonization a d  about 75% o€ original sulfur was retained in the 
pellets in the presence of limestone with Ca/S mole ratio of 3 during cantustion. 

stone agglamerates has been reported. 
tion to obtain rate data a d  to formulate the rate expressions for prediction and 
interpretation of the phenanena. 
operations. "he mathematical model is also useful to apply in preparing the high 
sulfur coal to generate the clean energy and in predicting the sulfur fixation by 
calciun (as mineral matter in coal) in coal during the canbustion and/or gasifica- 
tion. 

Approximately 95% sulfur was re- 

No kinetic data on the in-situ sulfur fixation reaction in the coal fine-lime- 
Therefore, it is the aim of this investiga- 

The information is important in process design and 

MPERIMENTAL 

'Ihe coal fines were collected fran a 9 year old coal slurry impoundment. 'he 

The sulfur fonns included 0.88% organic sulfur, 0.11 
'Ihe low temperature ash analysis s h o d  

coal fine tailing contained 41.6% ash, 25.6% volatile matter, 1.62% total sulfur and 
18,575 KJ/Kg (7,683 EllJ/lb). 
pyritic sulfur, and 0.63% sulfate sulfur. 
there was 2.96% CaO content in the coal ash. 
acceptor which contained 45.15% CaO. 
ratio 0 - 4 )  in the size range of 14oM x 21334 (106 - 75m) were blended with 15% 
water by w t .  and balled in a glass tubing by hand. 
in a 2 h  ID x 1 2 b n  L quartz tube which was used as a fixed bed reactor. 
matic diagram of the experimental apparatus is shown in Fig. 2. 
mental run, the agglanerates (-1 g) were placed in a 60 mesh stainless steel sample 
holder and loaded in the cooling zone, while the reactor was continuously purging 
with air flow rate of 2 l/min, and maintained at a desired reaction temperature 503: 
7Oo0 or 900'C). To start the experiment, the coal sample was slid into the hot zone 
for canbustion. The sample was slid back to the cooling zone at predesigned canbus- 
tion time, while the air stream was switched to N, gas. 
glomerates were determined and sulfur €oms of the agglamerates were analyzed by' 
ASIM staldard methods. 

'Ihe Greer limestone was used as a SO, 
'Ihe coal fine tailing and limestone (Ca/S mole 

All  experiments were performed 
The sche- 

In a typical experi- 

?he weight loss of the ag- 

KIyTIC WELING 

In the coal fine-limestone agglomerates, the solid reactants are visulized as 
being canposed of a large nunber of spherical limestone particles and coal fine par- 
ticles with the sulfur imbedded in the coal particles. 
the agglanerate is porous, the gaseous reactant, 0,, diffuses easily through the 
interstices between coal €ire and limestone particles, and through the product layers 
surrounding the solid reactant grains in the particles. 
proceeds according to zone reaction model (7) in individual particles. 'Ihe model is 
schematically shown in Fig. 3. The sulfur fixation reactions in the coal fine-lime- 
stone agglomerates involve the successive multiple solid-gas reactions. Three major 
chemical reactions, hich contribute to the sulfur fixation in the agglanerates, can 
be represented by the following reactions: 

In the overall agglanerate, 

'Ihe chemical reaction then 

If the order of reactions, with respect to the individual reactant, are first order, 
and the concentration of gaseous intermediate, S O , ,  is much less than that of gaseous 
reactant O,, the rate of mass transport of SO, within the solid product layers will 
b e c w  rate controlling. 
action models can be used in describing the mass transfers in the particles and ag- 
glomerates, and the successive multiple reactions for calciun sulfate formation. 
rate qressionS are: 

Therefore, application of a coupled diffusion a d  zone re- 

The 
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% =  R 1 -  R P  

dx, CD, (1- X,) 1/3 = = 1- (1- x,) 1/3  

With the conditions: 

x l = x z = x  3 -  - x  . -  - 0  
(I- x,) + xz + x, = 1.0 

a t t = O  
at t > o 

7) 

%e rate expressions can be nunerically analyzed by utilizing 4th order Runga-Kuta 
method. 
where 

xI = the fractional conversion of total  sulfur 
x,, = the fractional conversion of total  sulfur a t  steady s ta te  
x, = the fractional sulfur dioxide formed 
x, = the fractional calciun sulfate formed 
xIlm = the fractional calciun sulfate formed at steady s ta te  
x, = the fractional calcined limestone ( G O )  formed 
A,B,C = the p r a t e r s  related t o  the physical properties of given particles and 

D, 

D, 

K1 
K, 

concentration of 0, 

product layer i n  coal fine particles 

product layer of limestone particles 

= a structural parameter includes the effective diffusivity of 0, i n  ash 

= a structural parameter includes the effective diffusivity of SO, i n  the 

= a kinetic parameter inclules the rate constant of SO, foxmation 
= a kinetic parameter includes the rate constant of calciun sulfate fonation 

RESULTS AND DISCUSSION 

The effectof0,flowrate on the fulfur fixation rate was examined. The result 
showed that i f  the a i r  flow rate was above 1.8 l/min, there was no effect on the 
ra te  of sulfur fixation. 
diffusion abwe the flowrate of 1.8 l h i n .  
merate was also examined by varying the agglawrate sizes. 
indicated that i f  the agglanerate size of less than 3/8-in. diameter were used, the 
SO,- 0,- CaO reaction could be studied i n  the absence of pore diffusion resistance 
i n  the agglcmerates. ?he reaction order for  the So, and limestone system was analyz- 
ed by varying the amount of limestone addition. 
can be achieved a t  Ca/S mole rat io  of 3 or higher. 
ra te  a d  

w i t h  respect t o  the concentration of lhs tone  i n  the agglmrates. 'he calcination of 
limestone i n  the agglanerate was described by a diffusion model. Assuned that the 
calcination was controlled by the diffusion and the kinetic effect was negligible. 
Several coal fire agglanerates without limestone addition were also tested t o  deter- 
mined the effect of Cao i n  the coal ash and the net effect of limestone addition on 

' h i s  indicates an negligible resistance to  gas film 
?he internal mass transfer i n  the agglc  

'he experimental results 

Seventy percent of sulfur retention 

the concentration of limestone showed t h a t  the reaction was f i r s t  order 
'Ihe correlation of i n i t i a l  
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the rate of sulfur fixation. The representative results of these studies are shown 
in Fig.4. ' he  kinetic and stnstural parameters in the rate expressions were obtaiw 
ed for the given experimental conditions, and determined by trial and ermr as the 
one that best fit the experimental data. ?he canperision of predicted and observed 
values are depicted in Fig.5. Good agreement between predicted ard obseved exprimerr- 
tal data was obtained. A slower initial rate of sulfur fixation was noted, hich 
could attribute to the time required for calcination of limestone and evolution of SO, 
frcm the surface of the agglanerates. 
presence of limestone was also detected. Drastic changes in the structure of the 
agglanerates can be predicted as temperature increase through the structure para- 
meters in the kinetic models. 'Ihe rate constant for the overall sulfur fixation ob- 
tained fran experimental data can be expressed as $allows. 

An enhancement of the canbustion rate in the 

ki = 21.0667 Exp(-7,300/RT) for d 7 0 0  C 8) 
Ki = 3.5057 Eq(-3,860/R) for 7dW0 C 9) 

coNcuJs1oN 

firt+li.mestone agglamerates during canbustion. 
So, while limestone is calcined to form CaO, and the intermediate gaseous product, 
So,,subsequently reacts with calcined limestone and oxygen to form calciun sulfate. 
Diffusion is found to play an important role in sulfur fixation rate. 
low activation energy found 
due to the time requirement for limestone calcination and emission of SO,fran the 
surface of the agglanerates at initial stage. 
been interprepted based on a coupled diffusion and zone-reaction d e l ,  and the 
kinetic a d  structural parameters obtained €or the temperature ranges of 500'- W 0 C .  

Kinetic stdies are reported here on the in-situ sulfur fixation in the coal 
?He sulfur is first oxidized to form 

?he unusually 
for the sulfur fixation reaction is thought to be 

The sulfur fixation rate data have 
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EFFECT OF DELIQUESCENT SALT ADDITIVES ON THE REACTION 
OF SULFUR D I O X I D E  NITH DRY Ca(OH)2 

Rosa N. Ruiz-Alsop and Gary T. Rochel le  

Dept. o f  Chemical Engineer ing,  Un ive r s i ty  o f  Texas a t  Aust in ,  Aust in ,  TX 78712 

ABSTRACT 

The e f f e c t  of d e l i q u e s c e n t  s a l t  a d d i t i v e s  i n  t h e  r e a c t i o n  o f  SO2 wi th  d ry  
Ca(OHI2 s o l i d s  d i s p e r s e d  i n  a sand r e a c t o r  was s t u d i e d .  Small amounts o f  t h e  
de l iquescen t  sa l ts  (1  t o  10 mole $)  were added t o  t h e  Ca(OH)2 by a s l u r r y i n g ,  d ry ing  
p rocess .  The r e a c t i o n  r a t e  was s t u d i e d  a t  r e l a t i v e  humid i t i e s  o f  54 and 74 $ and 
o t h e r  cond i t ions  s i m i l a r  t o  t h o s e  encountered i n  bag f i l t e r s  du r ing  f l u e  gas  
d e s u l f u r i z a t i o n  by s p r a y  d ry ing .  The r e a c t i o n  s o l i d s  were cha rac t e r i zed  by Scanning 
E lec t ron  Microscopy, powder X-ray d i f f r a c t i o n ,  c o u l t e r  coun te r  s i z e  d i s t r i b u t i o n ,  
BET ( N 2 )  s u r f a c e  a r e a ,  energy d i s p e r s i v e  spectrometry,  and d i f f e r e n t i a l  scanning 
ca lo r ime t ry .  Most of t h e  de l iquescen t  sa l t s  t e s t e d  inc reased  t h e  r e a c t i v i t y  o f  t h e  
l ime.  The most e f f e c t i v e  a d d i t i v e s  were: LiC1, KC1,  NaC1, NaBr and NaN03. 

INTRODUCTION 

Spray d ry ing  h a s  become i n c r e a s i n g l y  important  i n  r e c e n t  yea r s  as an 
a l t e r n a t i v e  t o  wet s c rubb ing  f o r  s u l f u r  d iox ide  c o n t r o l .  I n  t h e  sp ray  d rye r  t h e  
s u l f u r  con ta in ing  f l u e  gas  is con tac t ed  wi th  a f i n e  m i s t  of an aqueous s o l u t i o n  o r  a 
s l u r r y  o f  an a l k a l i  ( t y p i c a l l y  l ime or soda a s h ) .  The s u l f u r  d iox ide  is then 
absorbed i n  t h e  water  d r o p l e t s  and n e u t r a l i z e d  by t h e  a l k a l i .  Simultaneously,  t h e  
the rma l  energy of t h e  g a s  evapora t e s  t h e  water  i n  t h e  d r o p l e t s  t o  produce a dry 
powdered product .  A f t e r  l e a v i n g  t h e  s p r a y  d r y e r  t h e  dry p roduc t s  i nc lud ing  t h e  f l y  
a s h  a r e  removed with c o l l e c t i o n  equipment such as f a b r i c  f i l t e r s  or e l e c t r o s t a t i c  
p r e c i p i t a t o r s ,  

Fab r i c  f i l t e r s  a r e  t h e  p r e f e r r e d  c o l l e c t i o n  equipment a s  a d d i t i o n a l  s u l f u r  
d i o x i d e  removal t a k e s  p l a c e  i n  t h e  bag house [ 6 ,  71. Typ ica l ly ,  under cond i t ions  
such t h a t  80 % of  SO2 is removed, about  60 t o  70 % of t h e  removal t a k e s  p l ace  i n  t h e  
sp ray  dryer  and 10 t o  20  % removal t a k e s  p l a c e  i n  t h e  bag f i l t e r s  [14,  9, E l .  
Parametr ic  s t u d i e s  i n  s p r a y  d r y e r  p i l o t  p l a n t s  have demonstrated t h a t  t h e  main 
v a r i a b l e  a f f e c t i n g  t h e  SO2 removal i n  t h e  bag f i l t e r s  b e s i d e  t h e  s t o i c h i o m e t r i c  
r a t i o  of l ime t o  SO2 is  t h e  approach t o  t h e  a d i a b a t i c  s a t u r a t i o n  temperature  o f  t he  
gases  C14, 2, 15,. 12, 11. The approach t o  t h e  a d i a b a t i c  s a t u r a t i o n  temperature  i n  
t u r n  is c o r r e l a t e d  w i t h  t h e  moi s tu re  c o n t e n t  o f  t h e  s o l i d s .  Addit ives  t h a t  w i l l  
modify t h e  moi s tu re  c o n t e n t  o f  t h e  l ime s o l i d s  i n  equ i l ib r ium with a gas  phase of a 
g iven  r e l a t i v e  humidi ty  would then  be expected t o  change t h e  r e a c t i v i t y  of t h e  lime 
towards S02. 

A few a d d i t i v e s  have been t e s t e d  i n  sp ray  d ry ing  systems. CaC12 has  proven 
e f f e c t i v e  i n  i n c r e a s i n g  t h e  r e a c t i v i t y  o f  l imes tone  and l i m e  towards SO [51. Adipic 
a c i d  was a l s o  t e s t e d  [ l o 1  wi th  mixed r e s u l t s .  Sodium s u l f i t e ,  Fed compounds, 
Ethylenediaminetetra-acetic a c i d  and disodium s a l t  (EDTA) had been used a s  a d d i t i v e s  
d u r i n g  s imultaneous SO2 and NOx removal (Niro Process )  C41. The emphasis i n  t h e  Niro 
p rocess  was t o  improve t h e  removal of NO,. 

The p r e s e n t  work was undertaken t o  i n v e s t i g a t e  i n  a sys t ema t i c  manner t h e  kind 
of a d d i t i v e s  t h a t  cou ld  be used t o  improve l ime r e a c t i v i t y  towards SO2. A small  
f i x e d  bed r e a c t o r  was used t o  s i m u l a t e  t h e  c o n d i t i o n s  encountered i n  t h e  bag f i l t e r s  
du r ing  sp ray  d ry ing  f l u e  g a s  d e s u l f u r i z a t i o n .  Three d i f f e r e n t  kind o f  a d d i t i v e s  were 
t r i e d :  bu f fe r  a c i d s ,  o r g a n i c  d e l i q u e s c e n t s  and ino rgan ic  de l iquescen t s .  The 
ino rgan ic  sa l t s  were s e l e c t e d  according t o  t h e i r  d e l i q u e s c e n t  p r o p e r t i e s ,  o r  t h e  
lowering Of t h e  vapor p r e s s u r e  o f  water  over  t h e i r  s a t u r a t e d  s o l u t i o n s .  Of t h e s e  
t h r e e  types  of a d d i t i v e s  t h e  d e l i q u e s c e n t  s a l t s  were t h e  on ly  ones t h a t  increased 
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t h e  lime r e a c t i v i t y .  

EXPERIMENTAL 

Apparatus 

The gene ra l  scheme o f  t h e  experimental  appa ra tus  is g iven  in F i g u r e  3. 
Simulated f l u e  gas  was syn thes i zed  by combining n i t r o g e n  and s u l f u r  d i o x i d e  from g a s  
cy l inde r s .  The gas  flow r a t e s  ue re  measured u s i n g  ro t ame te r s .  Water was added by 
means o f  a sy r inge  pump and evaporated a t  120 OC be fo re  mixing wi th  t h e  gas s t r e a m .  
The g l a s s  r e a c t o r  (4 cm diameter ,  12 cm h e i g h t )  was packed wi th  a mix tu re  of s i l i c a  
sand and powdered r eagen t  Ca(OH)2 i n  a u e i g h t  r a t i o  of 4O:l. The a d d i t i o n  o f  sand is 
necessa ry  t o  avoid channel ing caused by l ime  agglomerat ion C51. The s i l i ca  sand ,  
ob ta ined  from Martin Mar i e t t a  Aggregates,  was 100 mesh. The r e a c t o r  was i m e r s e d  in 
a Water bath t h a t  maintained t h e  temperature  wi th in  0.1 OC. Tubing upstream from t h e  
r e a c t o r  uas  heated t o  p reven t  t h e  condensat ion o f  moi s tu re  in t h e  wa l l s .  Before 
going t o  a n a l y s i s  t h e  gas  was cooled and t h e  u a t e r  t h e n  condensed by c o o l i n g  water 
and an i c e  bath . The gas  was analyzed f o r  SO2 in a pulsed f l u o r e s c e n t  SO2 a n a l y z e r  
(Thermoelectron Corporat ion model 40) and t h e  concen t r a t ion  con t inuous ly  recorded.  
The r e a c t o r  was equipped wi th  a bypass,  t o  a l low t h e  bed t o  be p recond i t ioned  and 
then  a f t e r ,  t o  a l l o u  t h e  gas  flow t o  be s t a b i l i z e d  a t  t h e  d e s i r e d  SO2 c o n c e n t r a t i o n  
be fo re  beginning t h e  experiment.  P r i o r  t o  each experimental  run t h e  bed was 
humidif ied by f l u s h i n g  with pu re  n i t rogen  a t  a r e l a t i v e  humidity o f  about  98 % for 
10 minutes  then  l a t e r  w i th  pure n i t rogen  a t  t h e  r e l a t i v e  humidi ty  a t  which t h e  
experiment was t o  be performed f o r  8 minutes.  Th i s  was done t o  b e t t e r  s imula t e  t h e  
c o n d i t i o n s  encountered i n  the bag f i l t e r s  where t h e  s o l i d s  a r e  o r i g i n a l l y  s l u r r y  
d r o p l e t s .  

P repa ra t ion  o f  t h e  Samples 

An aqueous s o l u t i o n  con ta in ing  t h e  d e s i r e d  a d d i t i v e  was prepared.  F i v e  m l  of 
t h i s  s o l u t i o n  were then  added t o  1 g of l ime and s l u r r i e d .  The sample was t h e n  
placed i n  a oven t o  d ry  a t  75 OC for about  14 hour s  then  l a t e r  s i e v e d  to  s e p a r a t e  
t h e  i n d i v i d u a l  l ime p a r t i c l e s  p r i o r  t o  mixing wi th  t h e  s i l i c a  sand and be ing  placed 
in t h e  r e a c t o r .  

Ana lys i s  

The f r a c t i o n  o f  Ca(OH)2 r eac t ed  a t  any given time can be c a l c u l a t e d  by 
i n t e g r a t i n g  t h e  SO2 v e r s u s  time curve ob ta ined  by t h e  r eco rde r  on t h e  SO2 ana lyze r  
and doing a mass balance i n  t h e  r e a c t o r .  As a backup, t h e  r e a c t e d  s o l i d s  a r e  
analyzed for s u l f i t e  and hydroxide u s i n g  ac id /base  and iod ine  t i t r a t i o n s .  

Cha rac t e r i za t ion  of t h e  r e a c t a n t  

The l ime used in t h e s e  experiments  was calcium hydroxide powder r eagen t .  The 
p a r t i c l e  s i z e  d i s t r i b u t i o n  of t h e  l ime was determined by means o f  a Cou l t e r  Counter 
model TAII u s ing  as e l e c t r o l y t e  a s o l u t i o n  o f  4 u t  % CaC12, s a t u r a t e d  w i t h  Ca(OHI2. 
The s u r f a c e  a r e a  was determined us ing  Brunauer Emmett and T e l l e r  (BET) n i t r o g e n  
abso rp t ion  isotherms.  Table 1 shows t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  and s u r f a c e  area 
of  t h e  l ime used. The s u r f a c e  a r e a  was a l s o  measured f o r  t h e  lime a f t e r  be ing  
s l u r r i e d  ( 5  m l  water /g  l ime)  and d r i e d  ove rn igh t  a t  75 OC. There was a sma l l  
dec rease  in t h e  s u r f a c e  a r e a  due t o  t h i s  s l u r r y i n g  process .  F igu res  1 and  2 show 
Scanning E lec t ron  Micrographs o f  t h e  l ime t h a t  was used a s  t h e  r e a c t a n t .  From t h e s e  
p i c t u r e s  it can be seen t h a t  t h e  l ime p a r t i c l e s  a r e  in t h e  micron range s i z e ,  a r e  
h i g h l y  nonsphe r i ca l  and have cons ide rab le  s u r f a c e  roughness.  
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The samples  of lime wi th  a d d i t i v e s  t h a t  were prepared in  t h e  way d i scussed  
above were c h a r a c t e r i z e d  u s i n g  x-ray powder d i f f r a c t i o n ,  scanning e l e c t r o n  
microscopy (SEM), e n e r g y  d i s p e r s i v e  spectroscopy (EDS), and BET surface area.  
According t o  x-ray d i f f r a c t i o n  a n a l y s i s  most o f  t h e  a d d i t i v e s  p r e c i p i t a t e  as a 
s e p a r a t e  phase a f t e r  s l u r r y i n g  with t h e  l ime then  d ry ing .  The excep t ion  is CaC12, 
where the  Ca(OH)2.CaC12.H20 phase is formed. This  f i n d i n g  ag rees  wi th  t h e  result 
r epor t ed  i n  t h e  l i t e r a t u r e  f o r  t h e  equ i l ib r ium of t h e  Ca(OH)2-CaC12-H20 system 1131. 
In t h e  case  o f  Ca(N03)2, t h e  formation o f  t h e  s o l i d  phase Ca2N207.2HzO has  been 
r epor t ed  r-131. This  cou ld  n o t  be confirmed u s i n g  x-ray a n a l y s i s  a s  t h e  d i f f r a c t i o n  
p a t t e r n  o f  t h e  Ca2N207.2H20 was n o t  a v a i l a b l e .  

EDS was used t o  ana lyze  i n d i v i d u a l  p a r t i c l e s  and it was found t h a t  t h e  
a d d i t i v e s  p r e c i p i t a t e  t o g e t h e r  with t h e  l ime and a r e ,  more or l e s s ,  uniformly 
d i s t r i b u t e d  through t h e  lime p a r t i c l e s .  SEM micrographs of t h e  p a r t i c l e s  o f  l ime 
with a d d i t i v e s  showed no s i g n i f i c a n t  d i f f e r e n c e  i n  s i z e  or shape from t h e  pure lime 
p a r t i c l e s .  The BET s u r f a c e  a r e a s  o f  t h e  l ime with d i f f e r e n t  s a l t  a d d i t i v e s  were 
a l s o  measured. The s u r f a c e  a r e a s  ranged from 7.0 t o  9.6 m2/g depending on t h e  
a d d i t i v e  used. No c o r r e l a t i o n  was found between l ime r e a c t i v i t y  and s u r f a c e  a r e a .  

RESULTS 

E f f e c t s  of  Addit ive Type 

The a d d i t i v e s  t r i e d  can  be c l a s s i f i e d  a s  t h r e e  types :  b u f f e r s .  o rgan ic  
d e l i q u e s c e n t s  and i n o r g a n i c  de l iquescen t s .  Column 1 o f  Table  3 shows t h e  
experimental  r e s u l t s  f o r  t h e s e  t h r e e  types  o f  a d d i t i v e s ,  expressed as pe rcen tage  of 
l ime r eac t ed  a f t e r  60 minutes  o f  r e a c t i o n .  The experiments  shown i n  column 1 were 
a l l  run  a t  a r e l a t i v e  humidi ty  o f  74 % and o t h e r  c o n d i t i o n s  a s  i n d i c a t e d  i n  the  
t a b l e .  The b u f f e r s  added were a d i p i c  and g l y c o l i c  a c i d  i n  concen t r a t ions  of 1 and 5 
w t  % r e s p e c t i v e l y .  The a d d i t i o n  o f  b u f f e r s  proves t o  be de t r imen ta l  t o  t h e  r e a c t i o n  
o f  SO2 and l ime ,  a conve r s ion  lower than  t h e  pure lime c a s e  was observed. The 
o r g a n i c  d e l i q u e s c e n t s  t r i e d  were monoethanolamine, e t h y l e n e  g lyco l ,  and t r i e t h y l e n e  
g l y c o l  a l l  a t  c o n c e n t r a t i o n s  o f  5 w t  %. A small dec rease  i n  lime r e a c t i v i t y  was 
found i n  t h e s e  c a s e s  as can be seen from Table  3. A t  a 74 % r e l a t i v e  humidity a l l  
t h e  d e l i q u e s c e n t  sa l t s  t r i e d  were s u c c e s s f u l  i n  i n c r e a s i n g  t h e  r e a c t i v i t y  o f  t h e  
lime, but  some s a l t s  were more e f f e c t i v e  than  o t h e r s .  

In f luence  of t h e  r e l a t i v e  humidi ty  on e f f e c t i v e n e s s  o f  a d d i t i v e s  

Column 2 o f  Tab le  3 shows t h e  e f f e c t  o f  s e l e c t e d  de l iquescen t  sa l ts  on t h e  lime 
r e a c t i v i t y  a t  a r e l a t i v e  humidi ty  of 54 %. A s  can  be seen by comparing columns 1 and 
2 o f  Table 3 t h e  e f f e c t i v e n e s s  of some s a l t s  change wi th  r e l a t i v e  humidi ty ,  f o r  
example Ca(N03)2 was very e f f e c t i v e  a t  74 % r e l a t i v e  humidity but  behaved poorly a t  
a lower r e l a t i v e  humidi ty .  A t  a lower r e l a t i v e  humidi ty  t h e  s a l t s  t h a t  behave t h e  
b e s t  were K ,  L i  and Na Ch lo r ides ,  NaBr, and NaN03. 

In f luence  of S a l t  Concen t r a t ion  

A s e r i e s  o f  expe r imen t s  were performed t o  determine t h e  in f luence  of t h e  s a l t  
concen t r a t ion  on t h e  SO2 r e a c t i o n  r a t e .  The s a l t s  used were NaCl and NaNO i n  
c o n c e n t r a t i o n s  r ang ing  from 1 t o  15 mole I .  The experiments  were c a r r i e d  o u t  a t  3 4  % 
r e l a t i v e  humidity,  and a r e a c t o r  temperature  of 66 OC. As can be seen  from Figure 
4, t h e  conversion i n c r e a s e s  wi th  i n c r e a s i n g  c o n c e n t r a t i o n  o f  a d d i t i v e  u n t i l  about 10 
mole %. Afte r  t h i s  t h e  cu rve  l e v e l s  o f f .  The optimum concen t r a t ion  o f  a d d i t i v e  is  
then  about 10 mole Z f o r  1:l  s a l t s  l i k e  NaCl and NaN03. 
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Effec t  o f  Prehumidif icat ion a t  98 1 R e l a t i v e  Humidity 

To i n v e s t i g a t e  t h e  e f f e c t  of prehumidifying t h e  bed on t h e  r e a c t i v i t y  of t h e  
lime With a d d i t i v e s  towards SO2 some experimental  r u n s  were made o m i t t i n g  t h i s  s t e p .  
Table  2 shows t h e  r e s u l t s  ob ta ined  a t  54 and 17.4 I r e l a t i v e  humidity wi th  and 
without  p rehumid i f i ca t ion  o f  t h e  bed a t  98 1 r e l a t i v e  humidity.  The a d d i t i v e s  used 
were NaC1. NaN03 and KC1. A t  54 1 r e l a t i v e  humidity even when some dec rease  o f  t h e  
lime conversion was found wi thou t  t h e  p rehumid i f i ca t ion ,  t h e  r e s u l t s  a r e  s t i l l  f a r  
Supe r io r  t o  t h e  pure lime case.  A t  17.4 1 r e l a t i v e  humidity a l l  t h e  b e n e f i c i a l  
effect i n  t h e  case  of t h e  N a C l  appears  t o  be due t o  t h e  p rehumid i f i ca t ion  of t h e  bed 
i. e. due t o  an  h y s t e r e s i s  phenomena. 

DISCUSSION 

Columns 3 and 4 o f  Table  3 show t h e  de l iquescen t  p r o p e r t i e s  of t h e  s a l t s ,  
expressed as water a c t i v i t y  i n  s a t u r a t e d  solutions of t h e  s a l t  a t  25 and 100 OC and 
1 atm. The water a c t i v i t y  is approximately equa l  t o  t h e  r e l a t i v e  humidity o f  t h e  gas  
phase i n  equ i l ib r ium wi th  t h e  s a t u r a t e d  s o l u t i o n .  When examining t h e  de l iquescen t  
p r o p e r t i e s  of t h e  sa l t s  it is appa ren t  t h a t  i f  t h e  improvement of r e a c t i v i t y  was due 
So le ly  t o  de l iquescence ,  NaN03 and a l l  t h e  c h l o r i d e s  t r i e d ,  with t h e  excep t ion  of 
t h e  L i C 1 ,  should not work a t  a r e l a t i v e  humidity o f  54 1. Furthermore,  t h e  most 
de l iquescen t  of a l l  t h e  a d d i t i v e s  t r i e d ,  NaOH does no t  perform as we l l  a s  some of 
o t h e r  less de l iquescen t  s a l t s .  We can s e e  t h a t  some sal ts  a r e  e f f e c t i v e  a t  a lower 
r e l a t i v e  humidity than  would be p red ic t ed  by t h e  vapor p re s su re  o f  water over  
s a t u r a t e d  s o l u t i o n s  of t h e s e  s a l t s .  A p o s s i b l e  exp lana t ion  would be a h y s t e r e s i s  
phenomena a f f e c t i n g  t h e  amount o f  absorbed water  i n  t h e  s o l i d  phase.  Strong 
h y s t e r e s i s  e f f e c t s  have been r e p o r t e d  i n  NaCl a e r o s o l s  1171. From t h e  experimental  
r e s u l t s  presented i n  Table  2,  it can  be concluded t h a t  even when t h e  h y s t e r e s i s  
e f f e c t s  can exp la in  t h e  improvement i n  r e a c t i v i t y  a t  a very low r e l a t i v e  humidity 
(17.4 1) it can not e x p l a i n  a l l  t h e  improvement observed a t  54 I r e l a t i v e  humidity.  
An a l t e r n a t e  exp lana t ion  proposed is t h a t  t h e  c h l o r i d e s  and NaN03 modify t h e  
p r o p e r t i e s  of t h e  product  CaS03.1/2H20 l a y e r  t h a t  is formed as t h e  r e a c t i o n  t a k e s  
p l ace  thereby f a c i l i t a t i n g  t h e  a c c e s s  o f  t h e  SO2 t o  t h e  unreacted l ime which remains 
i n  t h e  c e n t e r  of t h e  p a r t i c l e .  NaCl and CaC12 have been r epor t ed  t o  enhance t h e  
s u l f u r  d iox ide  r e a c t i v i t y  o f  l imes tones  i n  f l u i d i z e d  bed combustion by a f f e c t i n g  t h e  
t h e  pore s t r u c t u r e  o f  t h e  lime d u r i n g  c a l c i n a t i o n ,  which then  i n c r e a s e s  t h e  e x t e n t  
o f  s u l f a t i o n  o f  t h e  l imes tone  131. 

For an  a d d i t i v e  t o  be e f f e c t i v e  i t  is necessary t h a t  t h e  hydroxide o f  t h e  
c a t i o n  be very s o l u b l e ,  o the rwise  t h e  c a t i o n  w i l l  p r e c i p i t a t e  a s  t h e  hydroxide and 
t h e  anion a s  t h e  Ca sal t .  For example Co(N03)2 i s  very de l iquescen t  bu t  Co(OH)2 is  
inso lub le  so Co p r e c i p i t a t e s  a s  Co(Oi+)p and adding c o b a l t  n i t r a t e  becomes e q u i v a l e n t  
t o  adding calcium n i t r a t e ,  which is  n o t  very e f f e c t i v e .  
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Table 1 

PROPERTIES OF THE Ca(OH)> USED AS A REACTANT 

P a r t i c l e  s i z e  ( p m )  

BET Sur face  Area (m2/g) 

50 % below 5.6 
90 % between 1.5 - 15 
9.4 (non s l u r r i e d  l ime)  
8.8 (slurried l ime)  

Table  2 

EFFECT OF PREHUMIDIFICATION OF THE BED ON LIME REACTIVITY 
I n l e t  SO2 concen t r a t ion  = 500 ppm 

Amount of Lime = 1.0 g 
Nitrogen Flow Rate = 4.6 l /min (OOC, 1 atm) 

Lime Conversion a f t e r  60 Minutes 
54 % Rela t ive  Humidity 17.4 % R e l a t i v e  Humidity 

66 OC 95 OC 
Addit ive Prehumidif ied Nonprehumidified Prehumidif ied Nonprehumidified 

None 11.2 - 
10 mole X NaCl 27.0 23.2 
10 mole 2 NaN03 27.2 23.7 
10 mole 2 K C 1  37.3 19.3 

4.0 - 
9.7 4.0 

11.9 - 
3.4 - 
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Table 3 

EFFECT OF ADDITIVES SN LIME REACTIVITY AND DELIQUESCENT PROPERTIES OF SALTS 
Inlet SO2 Concentration = 500 ppm 

Amount of Lime = 1.0 g 
Nitrogen Flow Rate = 4.6 l/min 10 OC, 1 atml 

Additive 
Lime Conversion at 60 min. 

64.4 OC 66 OC 
74 I R.H. 54 I R.H. a, at 25 OC a, at 100 OC 

None 
BUFFERS 
5 wt % Glycolic Acid 
1 wt I Adipic Acid 
ORGANIC DELIQUESCENTS 
5 wt I Monoethanolamine 
5 wt I Ethylene Glycol 
5 wt I TEG 
INORGANIC DELIQUESCENTS 
5 mole I Na2S04 
5 mole I Na2SO 
5 rsole I CaC12?***) 
i o  mole I NaCl 
;O mole % NaOH 
5 mole I Ca(N03)2(***) 
10 mole I NaN02 
10 mole I NaN03 
EaC12.2H20 
~ ~ ~ s 2 0 3  

NaEr. 2H20 
LiCl 
100 I SO2 Removal 

22.4 

11.3 
20.3 

19.6 
20.3 
20.5 

28.3 
29.8 
34.6 
38.5 
38.8 
39.4 
40.0 
41.5 - 

- 
48.2 

11.8 - 

- 
16.1 
16.4 
27.0 , 
17.3 
12.3 

27.2 
19.4 
21.6 
37.3 
42.0 
43.9 
48.2 

- 

- 
.850 181 
.753 C161 
.0703 1161 - - 
.738 1161 
.902 1163 

.842 E161 

.577 1161 

.112 C161 

- 

.902 C81 

.686(*) 181 

.735 C81 

.004 C111 

.553 C81 

.496(**) 

.549 C81 

.71(**) 

.52(**)  

.745 C81 

.502 C81 

.OB5 181 

- 

( * )  Data at 75 OC. 
( ** )  Extrapolated from data reference t 8 1  
( a * * )  Solid phases are CaC12.Ca(OH)2.H20 and Ca2N207.2H20 respectively. 
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F I G U R E  1.  C a ( O H ) 2  SEM M I C R O G R A P H ,  400 M A G N I F I C A T I O N S .  

t 

F I G U R E  2. C a ( O H ) 2  S E M  M I C R O G R A P H ,  4000 M A G N I F I C A T I O N S  
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-In COEFTICIrnS PBEBICrED w m LOCAL 
COIW)SITION MODEL FOR AQUEOUS SOLIlTIONS 

JSPD IN FLUE GAS DE SULFURIZATION 

Charles E. Taylor and Gary T. Rochelle 
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SCOPE 

The major objrctive of this work is to extend the predictability of solution 
eqsilibra models for flue gas desulfurization processes by employing a i  activity 
coefficient technique which is accurate wer a ridr concentation renge. Currrnt PGD 
equilibrium models use a Davies technique for activity coefficient prediction. The 
Davirs techniqur is useful only up to ionic strengths of 1 molal, thus, limiting the 
application of FGD equilibrinm models to lm ionic strength. In this work a data 
bas. and methods have been developed to use the local composition model (LCM, 1.2) 
for the prediction of activity coefficients in aqueous FGD solutions. The LQI TIS 
used to predict the solubilities in various multicomponeat systems for gypsum, cal- 
c i m  sulfite, mapesium sulfite, calcium carbonate, and magnesium carbonate: $CJ~ 
vapor pressure over sulfite/bisulfite solutions; and, C02 vapor pressure m s r  
carbon. te/bicarbona to solutions. 

CONCLUSIONS AND SIGNIFICANCE 

Accurate prediction of activity corfficients over a 0-6 molal ionic strength 
range rill sllor for improvement of available FGD equilibrium modrls. This w i l l  
provide accurate equilibrium calculations for low ionic strength limrllimestone 
procrsses and higher ionic strength processes as dual alkali or regrnerative scdim 
scrubbing. Additionally, improved accuracy rill bo available for mora complrx POD 
simulations which use equilibrium models ss a moans of estsblishing the inlet 
scrubber solution composition and to calculate driving forcer for rate processes 
( 3 ) .  

A data base of necessary binary parameters and equilibrium constants for 
activity coefficient prediction by the LCM is presented. The LCM has proven to be 
accurate from 0-6 molal ionic strength for typical FGD aqumous solutions. In gen- 
eral, the LQI is slightly less accurate than the Davies techniqur from 0-1 molal 
ionio strength. The advantages of the LCM over the current Davies teahnique are 
clrarly seen when predicting over the entire concentration rangr. 

C. E. Taylor is presently with 
General Electric Environaental Services, Inc., Lebanon, PA 17042 
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6. 

INTEODU~ION 

It is often desirable to perform equilibrium calculations in the design or 
operation of a FGD facility. By using the fnndamental principles of conservation of 
mass and charge, and chemical equilibrium expressions, the concentration of indivi- 
dual species in solution (sometimes called the "species distribution") can be calcu- 
lated. T h e  available equilibrinm models for lime or limestone based FGD are the 
Bechtel-modified Radian equilibrium program (BMREP, 4) and the species distribution 
model (SDM, 5 ) .  The SDM is the most current equilibrium model and has been improved 
considerably over earier models to make it more general in nature. Some simple uses 
of equilibrium models include predicting the saturation or solubility of gypsum to 
indicate scaling potential, predicting SO2 vapor pressure to trouble-shoot problems 
with SO2 removal, and predicting dissolved alkalinity or capacity of a solution. 
Eowever, the BMREF' and SDM have limitations which restrict their use to low ionic 
strength processes. 

The practical limit for using the BMREP, SDM, or any eqnilibrium model for 
electrolytic solutions normally stems from the lack of correlations for electrolyte 
thermodynamics (e.g. activity coefficient techniques). The BMREP and SDM currently 
use the Davies technique for activity coefficient prediction. The Davies technique 
is a combination of the extended Debye-Euckel equation ( 6 )  and the Davies equation 
(7). The Davies technique (and hence both eqnilibrium models) is accurate to ionic 
strengths of 0.2 molal, and may be used for practical calculations up to ionic 
strengths of 1 molal (8). Ion-pair equilibria are incorporated for species that 
associate (e.g. 1-2 and 2-2 electrolytes). The activity coefficients (7.)  are cal- 
culated as a simple function of ionic strength (I), and are represented a's: 

where A and B are constants at a given temperature. Depending on the input values 
of a and b., Equation 1 can represent either the extended Debye-Euckel or Davies 
eqnahons, 0 2 a n  extension of the two. 

Both the BMREP and SDM approximate activity coefficients of uncharged species 
(e.g. ion-pairs, molecular species) by the following expression: 

logy. 1 1  = u.1 2) 

where Ui is an empirical constant. 

To improve the BMREP and SDM in equilibrium calculations requires an activity 
coefficient technique which is accurate over a wide concentration range. Rosenblatt 
(9.10) identified the inherent limitations of the BMREP and SDM, and investigated 
the use of the modified Pitzer equation as an activity coefficient technique for FGD 
solutions. T h e  modified Pitzer equation (11-13) was noted as the most elaborate and 
successful activity coefficient technique in use (14). Rosenblatt concluded that 
Pitzer's equations offered a promising approach for thermodynamic modeling of FGD 
chemistry. Currently, Radian is incorporating the Bromley method (15) as a new 
activity coefficient technique in the SDM (16). Recently, Chen and co-workers (17- 
19) developed the local composition model (LCM) for activity coefficient prediction. 
The LCM is a semi-theoretical model with a minimnm number of adjustable parameters. 
and is based on the Non-Random Two Liquid Mt"L) model for nonelectrolytes (20). 
The LCM does not have the inherent drawbacks of virial-expansion type equations as 
the modified Pitzer. and proved to be more accurate than the Bromley method. Some 
advantages of the L M  are that the binary parameters are well defined, have weak 
temperature dependence, and can be regressed from various thermodynamic data 
sources. Additionally, the L M  does not require ion-pair equilibria to correct for 
activity coefficient prediction at higher ionic strengths. Thus, the LCM avoids 
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defining, and ultimately rolving, ion-pair activity coefficientr and equilibrium 
oxproasions necosaary in the Davies technique. Overall, the LCY appears to be the 
most suitable activity ooofficient technique for aqueous solutions used in PGD. 
heuce, a data bsso and methods to use the LCY were developed. 

TEE LOCAL C0IW)SITION NODEL 

The local composition model (Lclr) is an excess Gibbs energy model for olectro- 
lyto SySteBS from which activity coefficients can be dorived. Chon and co-workerr 
(17-19) presented the original LCM activity coefficient equations for binary and 
multioomponont systems. The L M  equations rubsequently nodifiod and nred in 
the ASpm procera simulator (Arpen Technology, Cambridge, MA) a s  a m a n s  of handling 
chrmicsl processes with ,electrolytes. The LCY activity coefficient equations are 
explicit functions. and require computstional methods. Due to length and complex- 
i t y ,  only the salient features of the LCM equations will be reviewed in this paper. 
The "Aspen Plua Electrolyte Manual" (1). and Taylor (21) present the final form of 
the LM binary and multiccmponcnt equations. 

The approach takin by.Chon and GO-workors in devoloping the LCM was to acconnt 
for t h o  axcors Gibbs energy of olectrolyte systems as the sum of long-range (ion- 
ion) interactions, and short-range (ion-ion, ion-molecule, and molecule-molocnle) 
interaotions. The extondad Debye-Huckel oquation proposed by Pitrer (22) used 
to acconnt for tho long-range interactions, and tho local  composition concept was 
usod to account for the short-rango interactions of a l l  kinds. The excess Gibbr 
energy exproasion i s  therefor0 the SDI of the nnsymmetric Pitzer-Debyo-Huckel 
oxpression and the nnsymetrical local composition expression. Tho equation has the 
general form: 

Similarly, the activity coefficient equatioms (which can be dorived from the excess 
Gibbs energy oxpression) have the genoral fora: 

The long-range Pitrer-Debye-Buckel equation calcnlatos activity ooefficients as 
s function of ionic atength, and no adjustable parameters aro 8ocesrary. The short- 
range local composition equation calculates activity coefficients by accounting for 
a11 short-range interactions, and requiros a m i n b m  of adjustable parameters. For 
binary  systems, two adjustable binary parameters are necessary: salt-molecule and 
molecoltsalt. For multicomponent syatoms threo types of adjustable parameters are 
necessary: salt-molecule, molecule-salt, and salt-salt. Therofore, tho regressod 
p8rmetors of the LQI data base are specifically for the rhort-range contribution to 
tho activity coofficient equation. 

Tho approach to uaing the L M  for PQD applicationa involves some assumptionr 
and simplifications. Since tho concentrations of s 1 1  ~olocular species in solution 
are neiligible with respect to water, only salt-water and watersalt binary paramo- 
tors are noceasary. All salt-molecule and molecule-salt binary paruaters for 
mOlOCUhr apecior other than water sro sot equal to salt-water and watersalt binary 
parameters. All molecule-moleculr interactions sre assumed equivalont to water- 
mater interactions, and are ret equal to zoro. Additionally, a11 salt-salt psruo- 
tors are set to roto. Lastly, the temperature dependenom of all binary paramoterr 
is nogleotod. 
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RESULTS AND DISCUSSIONS 

The results of applying the LCM to typical FGD solutions are summarized in 
tables 1 and 2. Table 1 presents the final regressed LCM binary parameters for typ- 
ical FGD solutions. The implied formation reactions, and temperature dependent 
parameters for the equilibrium constants are shorn in table 2. 

Regression of the necessary LCM binary parameters required various thermo- 
dpamic data. The Powell method (23) .  an unconstrained nonlinear code, was used to 
minimize a nonlinear function f(x)=f(x,...,x ) of n variables. The function f(x) 
normally represented the standard deviatios? of the thermodynamic property (e.8. 
activity coefficients, osmotic coefficients, solubility products, or vapor pressure) 
being regressed using the LCM for activity coefficient prediction. The n variables 
represent the final regressed binary parameters. Default values were used for 
binary parameters representing interactions of species present in low concentration, 
or when no thermodynamic data were available. Default values were determined by 
averaging binary parameters regressed by Chen and co-workers (18) for each type of 
electrolyte (e.g. 1-1, 1-2, 2-1, and 2-2). This approach should yield a minimum 
error. since the binary parameters are well defined for each type of electrolyte. 

The LCM has proven to be useful in predicting data of molal ionic activity 
coefficients, and vapor pressure depression of various single electrolyte, single 
solvent systems. The standard deviation of the natural logarithm of the mean 
activity coefficient was 0.01 for mi-univalent aqueous single electrolytes (17). 
Similar results were found for uni-bivalent and bi-bivalent electrolyte activity 
coefficient prediction. Figure 1 compares the LCM with the Davies technique for s 
sodium sulfate-water system (24). T h e  LCM is accurate over the entire concentration 
range of 0-6 molal. R o  curves are shown for the Davies technique. The upper curve 
assmes the salt to be totally dissociated, and activity coefficients are calculated 
directly from Equation 1. The lower curve assumes the ion-pair NaS04- is present, 
and activity coefficients are calculated from the SDM, which incorporates the addi- 
tional ion-pair equilibium. Figure 1 demonstrates the necessity of ion-pair equili- 
bria to insure an accurate activity coefficient prediction in the low concentration 
range ( 0 4 . 2  molal) for salts that associate. 

The LCM also predicted activity coefficients of bi-univalent electrolytes (e.g. 
MgCl2 and CaC12 ),  which exhibit the experimentally observed reversal of slope and 
dramatic increase in the activity coefficient at higher ionic strengths. For bi- 
univalent electrolytes, regressing binary parameters over a 0-6 molal range causes 
some inaccuracy in the low concentration region. However, regressing the LCM binary 
parameters over a smaller concentration range (0-2.5 molal) improves the LCM accu- 
racy. 

The solubility of gypsum in various salt solutions, ranging in ionic strength 
from 0-6 molal, was predicted accurately by the LCM. Figure 2 compares the LCM and 
SDM in predicting gypsum solubility with the addition of sodium sulfate at 25, 50, 
and 75OC (25). A relative saturntion of unity would indicate accurate prediction of 
the experimental data, since the solutions are known to be saturated to gypsum. The 
LCM predicted the solubility of gypsum in sodium sulfate solutions within 10 percent 
error in relative saturation at 50 and 7OoC, and within 20-30 percent error in rela- 
tive saturation at 25OC. In magnesium sulfate solutions at 25OC (26) .  the LCM 
predicts gyspum relative saturation from 0-6 molal within 30 percent error. The 
solubility of gypsum in calium chloride (27) and sodium chloride at 25OC (28) was 
predicted within 10 percent error in relative saturation from 0-6 molal. In gen- 
eral, the Davies technique, and hence the SDM, gives accurate prediction of gypsum 
relative saturation only in the low concentration range (0-1 molal). Increasing the 
ionic strength causes the SDM to yield high relative saturation (as seen in figure 
2 ) .  
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"he solubility of magnesium sulfite hexahydrate in water with the addition of 
magnesium sulfate was accurately predicted by the LCM from 0-6 molal (29). n o  
re1atip.o saturation of the mainesium sulfite hexhydrate was predicted withia 10 per- 
cent error at 40 and 5OoC, and within 20 percent error at 6OoC. 

"he LQI accurately predicted the vapor pressure of SO2 and CO2 over 
sulfite/bisulfite and carbonate/bicsrbonate solutions, respectively, for salts of 
sodium, calcium, and magnesium. Figure 3 plots the LCM predictions of SO2 vapor 
pressure as a fnnetion of the total SO2 to s o d i m  ratio for a sodium 
sulfite/bisnlfite system at 5OoC (30). The LCM was accurate within 20 percont error 
in SO2 vapor prossore for the 5OoC data, as well as data at 35, 70, and 90°C. The 
solid line shows the general trend of the L81 predictions. Figure 4 plots the 
apparent equilibrium constant as a function of ionic strength for a calcium 
sulfite/bisulfite system at 25, 50, and 6OoC (31). The LCM predicts the SO2 vapor 
pressure within 6 percent error for this system at all temperatures. Similar 
results were obtained for a system of magnesium sulfite/bisulfite with the addition 
of mgnesium sulfate at 48.3 and 70.6OC (32). The SO2 vapor pressure was predicted 
within 17 percent error for this system. Data for CO2 vapor pressuro analogous to 
the SO2 systoms discussed are available to a lesser extent. CO2 vapor pressure over 
sodium carbonate/bicarbonato solutions (33) from 35-65OC at constant ionic strength 
(1 molal) were predicted within 10 percent error. CO2 vapor pressure over crlcinm 
(34) aid magnesium (35)  carbonste/bicarbo~to solutions varying i n  temperature from 
25-7OoC, and et low ionic strength ( <  1.5 molal), were predictod within 5 percent 
error. 

NOTATION 

A 
B 
I 
B 
T 
Z 
a 
b 

m 
EOX 

Debye-Huckel constant for osmotic coefficient 
Temperature dependent parameter 
Ionic strength 
Gas constant 
Temperature (09) 
Absolute value of ionic charge 
Mean distance of closest approach 
Empirical constant (normally 0.3) 
Molar exceaa Gibbs free energy 
Nolality 

Greek Letters 
r Activity coefficient 
5 LXN binary interaction parameter 

Subscripts 
ca Salt *caw of cation c and anion a 
EI Molecular species 

Superscripts 
Unrynme trio convent ion 

IC Short-rango local composition contribution 
pdh Long-range Pitser-Debye-Huokel contribution 

a 
1 
I 
i 
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OXIDATIVE DEGRADATION OF ORGANIC ACIDS I N  FGD PROCESS 

Joseph Y. Lee and Gary T. Rochel le  

Dept. o f  Chemical Engineer ing,  U n i v e r s i t y  o f  Texas a t  Aus t i n ,  Aus t i n ,  Texas 78712 

ABSTRACT 

Organic a c i d  deg rada t ion  coupled w i t h  s u l f i t e  o x i d a t i o n  has been s tud ied  under f l u e  
gas d e s u l f u r i z a t i o n  (FGD) cond i t i ons .  The r a t i o  o f  t h e  r e a c t i o n  r a t e  constants  (de- 
g rada t ion  t o  o x i d a t i o n )  was used t o  c h a r a c t e r i z e  the  degradat ion behavior  o f  organic  
ac ids.  The r a t i o  was shown t o  be independent o f  pH, d i s s o l v e d  oxygen, and d i sso l ved  
s u l f i t d b i s u l f i t e .  However, t h i s  r a t i o  was increased by c e r t a i n  t r a n s i t i o n  metal i ons  
such as Co, N i ,  and Fe, and was decreased by Mn and h a l i d e s .  Hydroxyl and su l fona ted  
c a r b o x y l i c  ac ids  degraded approx imate ly  t h r e e  t imes  slower than sa tu ra ted  d i ca rboxy l -  
i c  ac ids,  w h i l e  unsa tu ra ted  d i c a r b o x y l i c  a c i d s  degraded an order  o f  magnitude f a s t e r .  
A wide spectrum o f  d i c a r b o x y l i c  a c i d  deg rada t ion  p roduc ts  were found, i n c l u d i n g  carbon 
d i o x i d e ,  hydrocarbons, lower  molecular  weight  mono- and d i c a r b o x y l i c  ac ids ,  and o the r  
carbonyl compounds. 

INTRODUCTION 

Cur ren t l y ,  l imes tone  scrubbing i s  t h e  dominant commercial technology f o r  f l u e  gas 
d e s u l f u r i z a t i o n  (FGD) ( 1 ) .  The performance o f  l imestone scrubbing i s  chemica l l y  l i m -  
i t e d  by two pH extremes: (a)  low pH near t h e  g a d l i q u i d  i n t e r f a c e  which decreases the  
SO s o l u b i l i t y  and abso rp t i on  r a t e ;  and (b) h i g h  pH near the l i q u i d / s o l i d  i n t e r f a c e  
wh?ch decreases t h e  l imestone s o l u b i l i t y  and d i s s o l u t i o n  r a t e  ( 2 ,  3).  Organic ac ids 
t h a t  b u f f e r  between pH 3.0 and pH 5.5 enhanced SO2 removal e f f i c i e n c y  and l imestone 
u t i l i z a t i o n  a t  concen t ra t i ons  o f  5 t o  10 mM (2-10). 

Ad ip i c  a c i d  was t h e  f i r s t  b u f f e r  s u c c e s s f u l l y  and e n e r a l l y  app l i ed  t o  t h e  FGO p ro -  
cess (3,  9, 11, 12). I t  has been rep laced commerc ia l jy  by d i b a s i c  waste a c i d  (DBA), a 
waste from a d i p i c  a c i d  and cyclohexanone p roduc t i on ,  c o n t a i n i n g  p r i m a r i l y  a d i p i c ,  g l u -  
t a r i c ,  and s u c c i n i c  a c i d s .  The e f f e c t i v e n e s s  o f  DBA i s  equ iva len t  t o  a d i p i c  a c i d  ( 3 ,  
9) .  Other p o t e n t i a l  a1 t e r n a t i v e s  i nc lude  hyd roxyca rboxy l i c  ac ids and su l fona ted  ca r -  
b o x y l i c  ac ids  (IO, 13, 14). They are o f  i n t e r e s t  because o f  reduced v o l a t i l i t y  and 
p o t e n t i a l l y  lower  deg rada t ion  r a t e s .  

I n  a d d i t i o n  t o  t h e  expected l o s s  o f  organic  a c i d  a d d i t i v e  by ent ra inment  o f  s o l -  
u t i o n  i n  waste s o l i d s ,  chemical degradat ion (15) and c o p r e c i p i t a t i o n  (16) losses a re  
a l s o  observed. Chemical degradat ion,  which i s  conjugated w i t h  s u l f i t e  o x i d a t i o n  (15), 
i s  t he  most impor tan t  mechanism o f  b u f f e r  l o s s  under f o r c e d  o x i d a t i o n  c o n d i t i o n s  (3 ,  

A r a t e  express ion f o r  a d i p i c  a c i d  degradat ion under scrubber cond i t i ons  was de r i ved  
Assuming t h a t  bo th  s u l f i t e  o x i d a t i o n  (17) and o rgan ic  a c i d  degrada- 

9) 

by Rochelle (15). 
t i o n  (18) are  f r e e  r a d i c a l  r e a c t i o n s  proceeding by a common r a d i c a l ,  R* : 

d[A]/dt = kl [A] [Re ]  1) 

where, A and S ( 1 V )  s tand f o r  o rgan ic  a c i d ,  s u l f i t e / b i s u l f i t e  and t h e  s u b s c r i p t s  d and 
t denote ' d i s s o l v e d '  and ' t o t a l '  r e s p e c t i v e l y ,  then the  r a t e  of degradat ion i s  g i v e  by 

d [A l /d t  = k12([Al/[s(IV)ld)(d[s(IV)lt/dt) 3) 
where k P rev ious  works have c o r r e l a t e d  r a t e s  by the  degradat ion r a t e  c04- 
s t a n t  d;=de+ingd as k / [ S ( I V ) ]  The most probable f r e e  r a d i c a l  here i s  SO , 
because f i t s  r e a c t i v i t y  toward t l 'cohols  which a re  i n h i b i t o r s  o f  s u l f i t e  ox idat?on 
(19) a?d because i t  has been c i t e d  as t h e  a c t i v e  specied i n  the  decarboxy la-  
t i o n / o x l d a t i o n  o f  o r g a n i c  a c i d s  by p e r s u l f a t e  (S208 ) (20, 21). 

- k /k . 
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V a l e r i c  ac id ,  g l u t a r i c  a c i d ,  and hydrocarbons from ethane t o  butane were i d e n t i f i e d  
as degradat ion products  o f  a d i p i c  a c i d  (15, 16). Low pH, e s p e c i a l l y  i n  the presence of 
manganese reduced the  degradat ion o f  a d i p i c  a c i d  (22). It was a l s o  found t h a t  h i g h  
d i sso l ved  S( I V )  reduced the degradat ion (23). 

I t  i s  d e s i r a b l e  t o  understand the  degradat ion k i n e t i c s ,  t he  mechanism, and the  
a d d i t i o n a l  environmental impact caused by degradat ion.  T h i s  paper covers the degrada- 
t i o n  k i n e t i c s  and products .  Since deca rboxy la t i on  i s  t he  major degradat ion pathway, 
and i t  i s  deca rboxy la t i on  t h a t  s i g n i f i c a n t l y  a f f e c t s  the  b u f f e r i n g  capac i t y ,  CO evo- 
l u t i o n  r a t e  i ns tead  o f  the a c t u a l  degradat ion r a t e  i s  o f  g r e a t e r  i n t e r e s t .  FuPther- 
more, t he  r a t i o  o f  k t o  k i n s t e a d  o f  k , w i l l  be used f o r  most k i n e t i c  s tud ies ,  
s ince  h?; r a t i o  excludes ?.he e f ? e c t  o f  [S(IV)d,,. 

EXPERIMENTAL 

The r e a c t o r  used f o r  t h i s  study was a c losed  system, semibatch r e a c t o r  ( con t inous  
t o  gas b u t  batch t o  s o l u t i o n  o r  s l u r r y ) .  F igu re  1 g ives  the b l o c k  diagram o f  t he  
exper imenta l  apparatus. 

I n  a t y p i c a l  experiment, 1.0 M synthes ized CaSO s o l i d s  were s l u r r i e d  and o x i d i z e d  
i n  a s o l u t i o n  con ta in ing  10 mM o rgan ic  a c i d  and 0.3 M CaSO .2H 0 seed c r y s t a l s .  A l l  
experiments were performed a t  a cons tan t  temperature o f  55%. '$H was mainta ined con- 
s t a n t  throughout a g iven experiment. 

To ta l  S ( 1 V )  was analyzed by i odomet r i c  t i t r a t i o n  o f  t h e  s l u r r y  sample. F i l t e r e d  
samples were reheated t o  55"C, t h e  exper imenta l  temperature,  and t h e  pH was ad jus ted  
back t o  t h e  o r i g i n a l  pH (4.5 - 5.5k0.01) w i t h  sodium s u l f i t e  o r  a i r  o x i d a t i o n .  Then 
iodomet r i c  t i t r a t i o n  was a p p l i e d  t o  measure the  d i s s o l v e d  S ( 1 V ) .  CO was moni tored 
con t inuous ly  by an i n f r a r e d  CO d e t e c t o r .  Hydrocarbons, organic  ac?ids and l i q u i d  
degradat ion products  were ana ly&d by i o n  chromatograph exc lus ion  (ICE, Dionex 14), 

as chromatography (GC, Var ian 3700), and/or gas chromatograph - mass spectrometer 9 GC/MS More d e t a i l e d  prqcedures and c o n d i t i o n s  a r e  a v a i l a b l e  e l se -  
where (10). 

For b e t t e r  c o n t r o l  o f  d i s s o l v e d  S ( I V ) ,  some experiments were run  w i t h  sodium su l -  
f i t e  s o l u t i o n  i n  t h e  presence o f  10 mM organic  a c i d  and 0 .3  M sodium s u l f a t e  t o  prevent  
any dramat ic  change i n  i o n i c  s t reng th .  Only  the CO e v o l u t i o n  r a t e  was measured. The 
o x i d a t i o n  r a t e  was f i x e d  by the  sodium s u l f i t e  t i t g a t i o n  r a t e .  kd and k12 were then 
c a l c u l a t e d  accord ing t o  Equat ion 3. 

Finnigan 4023). 

RESULTS AND DISCUSSIONS 

Host o f  the experiments were performed w i t h  a d i p i c  a c i d  o r  g l u t a r i c  ac id .  I t  was 
found t h a t  these ac ids  degraded a t  p r a c t i c a l l y  i d e n t i c a l  r a t e s  and t h a t  t he  molar r a t e  
o f  C02 e v o l u t i o n  was equal t o  the  molar  r a t e  o f  deg rada t ion  a t  t he  i n i t i a l  stage. 

- The e f f e c t  o f  t he  s u l f i t e  o x i d a t i o n  r a t e  on a d i p i c  a c i d  
i n  sodium s u l f i t e  s o l u t i o n  system a t  pH 5.0, w i t h o u t  a d d i t i o n  

o f  metal ions.  When t he  o x i d a t i o n  r a t e ,  c o n t r o l l e d  by t h e  sodium s u l f i t e  feedrate,  
increased from 0.0082 t o  0.024 M/hr, [ S ( I V ) ]  changed from 0.74 t o  1.2 mM, and the ca r -  
bon d i o x i d e  e v o l u t i o n  r a t e  changed from 0.14 t o  0.20 mM/hr. Accord ing ly ,  k changed 
f rom 1.58 t o  0.82 M - ' ,  w h i l e  k Tderefore, 
t he  organic  a c i d  degradat ion fit, i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s u l f i t e  o x i d a t i o n  
r a t e .  

o n l y  changed from 1 . 1 7 ~ 1 0 - ~  t o  0 . 9 9 ~ 1 0 - ' .  

and Dissolved SI1 - It was g e n e r a l l y  observed t h a t  l i t t l e  o rgan ic  a c i d  degrada- 
t l o n  occurre However, d i sso l ved  
$1") i s  si0dni;icahnt; a f f e c t e d  bv DH i n  t h i s  svstem (Table I \ .  Therefore.  sodium 

i n  t e ca lc ium s u l f i t e  s l u r r y  system a t  low pH (22 . 
s i l f i t e  s o l u t i o n  a t  pH 5.0 was u s h  ' f o r  b e t t e r  c 6 n t r o l  o f  d i s s o l v e d  S ( I V ) .  
solved S(1V) v a r i a t i o n  caused by o x i d a t i o n  was r e f l e c t e d  by pH change : 

?he d i s -  

HS03- + 1/2 O2 = H+ + SO4= 
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Therefore,  t h e  a d d i t i o n  o f  sodium s u l f i t e  t o  m a i n t a i n  cons tan t  pH would keep d i s s o l v e d  
S(1V) cons tan t .  The same approach has been used f o r  the  s t u d i e s  o f  l imestone d i s s o l -  
u t i o n  (24) ,  s u l f i t e  o x i d a t i o n  ( 1 7 ,  25), and ca lc ium s u l f i t e  d i s s o l u t i o n  / c r y s t a l l i z a -  
t i o n  (26) .  The exper imental  data fo l lowed t h e  r a t e  express ion  n i c e l y ,  and k was 
found t o  be i n v e r s e l y  p r o p o r t i o n a l  t o  [ S ( I V ) ]  w i t h o u t  a d d i t i o n  o f  metal i o n s  QFig- 
u r e  2 ) .  I n  o t h e r  words, a s  p r e d i c t e d ,  k wat  independent o f  [ S ( I V ) ]  which i t s e l f  
was a s t r o n g  f u n c t i o n  o f  pH i n  ca lc ium s u i ? i t e  s l u r r y .  F u r t h e r  studiesdconf i rmed t h e  
n u l l  e f f e c t  o f  pH on k ( F i g u r e  3) .  There fore ,  i t  was v e r y  c l e a r  t h a t  i n  ca lc ium su l -  
f i t e  s l u r r y ,  it wasltS(IV)] n o t  pH, t h a t  s i g n i f i c a n t l y  c o n t r o l l e d  organ ic  a c i d  
degradat ion r a t e .  d e c l i n e s ,  i n  t h e  presence o f  0 . 1  
mM Fe,  as t h e  pH increases  over 5 .0 .  a re  ob ta ined f o r  
d i f f e r e n t  c a t a l y s t  c o n d i t i o n s .  These c a t a l y s t  e f f e c t s  w i l l  be di;&ssed l a t e r  i n  t h e  
s e c t i o n  on t r a n s i t i o n  meta ls .  

F igure  3 a d o  i n d i c a t e s  t h a t  k 
A l s o  d i f f e J 2 n t  values o f  k 

- The s u l f i t e  o x i d a t i o n  r a t e  can be expressed i n  terms o f  t h e  oxygen absorp t ion  
r a t e  as : 

R 5) 
where P’ and P 
centrat?&, res(&ctively. 
n i t r o g e n .  The exper iments shown i n  F i g u r e  &%ere performed w i t h  very  low o x i d a t i o n  
r a t e .  Therefore,  t h e  s o l u t i o n  was p r a c t i c a l l y  s a t u r a t e d  t o  0 a t  t h e  p a r t i a l  pressure 
i n  the feed gas. F i g u r e  4 shows t h a t  k i s  independent oi2P02. Again, kI2 values 
were d i f f e r e n t  f o r  d i f f e r e n t  c a t a l y s t  conJ?t ions .  

a r e  vapor pressures corresponding t o  t h e  s a t u r a t i o n  and b u l k  con- 
Exper imenta l l y ,  P*  was c o n t r o l l e d  by m i x i n g  oxygen and 

- It was shown above t h a t  k i s  a s t r o n g  f u n c t i o n  o f  c a t a l y s t  env i -  
% f % ~ ~ ? o n A ! ~ h ~ l ~ h e  t r a n s i t i o n  metals, Mn a& Fe a r e  o f  g r e a t e r  i n t e r e s t  because o f  
t h e i r  presence i n  t h e  scrubbing system. Both Mn and Fe a r e  e f f e c t i v e  c a t a l y s t s  f o r  
s u l f i t e  o x i d a t i o n  (17) ,  and are  p r e d i c t e d  t h e o r e t i c a l l y  t o  c a t a l y z e  o x i d a t i o n  w i t h  0.5 
power (19, 27, 28). It was observed t h a t  o rgan ic  a c i d  degradat ion  was increased by Fe 
b u t  decreased by Mn. Probably the  degradat ion  r a t e  v a r i e d  w i t h  Fe and Mn t o  t h e  f i r s t  
and zero o r d e r ,  r e s p e c t i v e l y .  I f  t h i s  hypothes is  i s  c o r r e c t ,  k should v a r y  w i t h  Fe 
t o  the 0 . 5  power and w i t h  Mn t o  the  -0.5 power. The s o l u b i l i t y  8 f e r r o u s  s u l f a t e  was 
l i m i t e d  by pH (Tab le  1). T h i s  l i m i t a t i o n  j u s t i f i e s  t h e  d e c l i n i n g  k i n  F igure  3 .  
S l u r r y  exper iments us ing  i r o n - f r e e  synthesized ca lc ium s u l f i t e  so!?ds w i t h  known 
amounts o f  added f e r r o u s  s u l f a t e  w i t h i n  i t s  s o l u b i l i t y  showed t h a t  the  a d i p i c  a c i d  
degradat ion r a t e  cons tan t ,  k v a r i e d  w i t h  d i s s o l v e d  i r o n  t o  t h e  power o f  0.6 (F igure  
5) .  However, s l u r r y  e x p e r i k n t s  w i t h  v a r y i n g  Mn were l e s s  q u a n t i t a t i v e  b u t  demon- 
s t r a t e d  reduced kI2 a t  h i g h e r  Mn (F igure  6) .  

The f i r s t  s e r i e s  o f  t r a n s i t i o n  meta ls  except Sc and Zn were s t u d i e d  i n  sodium su l -  
f i t e  c l e a r  s o l u t i o n  system. A l l  o f  these t r a n s i t i o n  meta ls  except T i  and C r ,  caused an 
increment o f  k a b l e  2 ) .  T i tan ium d i o x i d e  migh t  have a s o l u b i l i t y  problem, and 
chromium sulfat!@2rn!iht i n t e r f , e r e  d i s s o l v e d  S ( I V )  measurement. 

T h a l l i u m  ( T l ) ,  ano ther  t r a n s i t i o n  metal 
ab le  t o  t r a n s f e r  two e l e c t r o n s ,  was s t u d i e d  i n  ca lc ium s u l f i t e  s l u r r y  because o f  the  
i n t e r f e r e n c e  wi th d i s s o l v e d  S ( I V )  measurement. With t h e  a d d i t i o n  o f  1 mM T1, k 
decreased f rom 1 .5  and 2 .5  t o  0.6 and 0.7 M-’ f o r  pH 5.0 and pH 5 .5 ,  r e s p e c t i v e l y .  Thg 
mechanism i s  s t i l l  u n c l e a r .  But  t h e r e  i s  a t r e n d  t h a t  t r a n s i t i o n  meta ls  t r a n s f e r i n g  
one e l e c t r o n  inc rease degradat ion  w h i l e  t r a n s i t i o n  m e t a l s  t r a n s f e r i n g  two e l e c t r o n s  
decrease degradat ion .  

. .  

Mn i s  capable o f  two-e lec t ron  t r a n s f e r .  

Hal ides - I t  has been r e p o r t e d  t h a t  decomposi t ion o f  c a r b o x y l a t e  s a l t s  d u r i n g  s u l f i t e  
o x i d a t i o n  i s  suppressed by t h e  presence o f  2 t o  10% by we igh t  o f  c h l o r i d e  i o n  i n  the  
aqueous absorbent (29). Table 3 l i s t s  the  r e s u l t i n g  k va lues  o f  a d i p i c  a c i d  w i t h  
d i f f e r e n t  c o n c e n t r a t i o n  o f  c h l o r i d e ,  bromide, and i d a i d e .  Manganese e f f e c t s  a re  
inc luded f o r  t h e  convenience o f  comparison. I n  c l e a r  sodium s u l f i t e  s o l u t i o n  system, 
c h l o r i d e  reduces k s i g n i f i c a n t l y  o n l y  when i t s  c o n c e n t r a t i o n  i s  as h i g h  as 100 mM. 
On t h e  o t h e r  hand ’$he i o d i d e  e f f e c t  i s  so s t r o n g  t h a t  even i n  the  presence o f  0 .1 mM 
Fe ,  0 . 1  mM i o d i d k  reduces k12 t o  O.lxlO-’. The cor respond ing  va lue  f o r  Mn i n  the  
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absence o f  Fe i s  approx imate ly  0 . 7 x 1 0 - ’ .  Bromide behaves moderate ly .  I t s  e f f e c t  i s  
I between c h l o r i d e  and i o d i d e .  

- The p o t e n t i a l  b u f f e r  a d d i t i v e s  covered here can be grouped i n t o  d i c a r -  

b o x y l i c  ( s u l f o s u c c i n i c ) ,  and unsaturated c a r b o x y l i c  (male ic)  ac-ids. Su l fosucc in i c  
a c i d  i s  n o t  commercial ly a v a i l a b l e ,  b u t  can be e a s i l y  synthes ized by r e a c t i o n  of 
maleic a c i d  w i t h  sodium s u l f i t e  (10, 30) 

k i s  found t o  be a s t rong  f u n c t i o n  o f  f u n c t i o n a l  group (Table 4) .  Unsaturated 
male?? a c i d  degrades about seven t imes f a s t e r  than d i c a r b o x y l i c  ac ids ,  probably  due t o  
the presence o f  conjugated double bonds. I n  reducing the  degradat ion o f  male ic  ac id ,  
Mn i s  no t  as e f f e c t i v e  as i n  the  case o f  d i c a r b o x y l i c  ac ids .  Fe i s  i n e r t  t o  male ic  
a c i d  degradat ion.  On t h e  o t h e r  hand, 4-hydroxybutyr ic  a c i d  degrades about t h r e e  t imes 
slower than d i c a r b o x y l i c  a c i d s  probably  due t o  the  fo rma t ion  o f  an i n t ramo lecu la r  
hydrogen bond. S u l f o s u c c i n i c  a c i d  behaves more o r  l e s s  i n  the  same way  as 4-hydroxy- 
b u t y r i c  a c i d  except t h a t  Fe has no s i g n i f i c a n t  e f f e c t  on the  degradat ion o f  su l fosuc-  
c i n i c  ac id .  

I - OXY i c  a i p i c ,  g l u t a r i c ) ,  hyd roxyca rboxy l i c  (4-hydroxycarboxy l ic ) ,  su l fona ted  car- 

aradat ion Product - The degrada t ion  products  o f  a d i p i c  a c i d  a re  w i d e l y  d i s t r i b u t e d .  
ey can be c l a s s i f f e d  as d i c a r b o x y l i c  ac ids,  monocarboxyl ic ac ids ,  hydroxy-carboxyl- 

i c  ac ids,  keto-ac ids,  f u rans ,  hydrocarbons, and carbon d i o x i d e  (Table 5 ) .  The degra- 
d a t i o n  product  d i s t r i b u t i o n  i s  a l s o  a s t rong f u n c t i o n  o f  c a t a l y s t  environment. I n  t h e  
presence o f  1 mM Mn, g l u t a r i c  and v a l e r i c  ac ids  are t h e  major products  except f o r  car-  
bon d iox ide  which i s  t he  p r imary  degradat ion product  f o r  a l l  cases. I n  the absence o f  
Mn, 4 - fo rmy lbu ty r i c  a c i d  i s  t he  major  l i q u i d  phase p roduc t .  Although oxygen would be 
requ i red  t o  generate a sma l le r  d i c a r b o x y l i c  a c i d ,  the d i sso l ved  oxygen i n  the presence 
o f  1 mM Mn should be p r a c t i c a l l y  zero because o f  the mass t r a n s f e r - c o n t r o l l e d  s u l f i t e  
ox ida t i on .  Probably, Mn i s  an e f f e c t i v e  c a r r i e r  o f  oxygen t o  the  degradat ion prod- 
u c t (  s). 

3 

DISCUSSIONS 

The proposed r a t e  express ion f o r  organic  a c i d  degradat ion i s  very  use fu l  f o r  com- 
pa r ing  the  degradat ion behavior  o f  d i f f e r e n t  organic  ac ids .  The degradat ion o f  organ- 
i c  a c i d  i s  d i r e c t l y  p r o p o r t i o n a l  t o  i t s  concen t ra t i on ,  t o  the  s u l f i t e  o x i d a t i o n  r a t e  
and i n v e r s e l y  t o  t h e  concen t ra t i on  o f  d i s s o l v e d  s u l f i t e / b i s u l f i t e .  However, t he  r a t e  
expression needs m o d i f i c a t i o n  under d i f f e r e n t  c a t a l y s t  environment. I n  genera l ,  s u l -  
fonated o rgan ic  ac ids  and hyd roxyca rboxy l i c  ac ids  degrade much slower than a d i p i c  o r  
g l u t a r i c  ac ids,  w h i l e  unsaturated c a r b o x y l i c  ac ids,  e s p e c i a l l y  w i t h  conjugated dou- 
b l e d  bonds degrade much f a s e r .  

I n  summary, the degrada t ion  r a t e  constant  r a t i o ,  k i s  independent o f  d i s s o l v e d  
s u l f i t e / b i s u l f i t e ,  d i s s o l v e d  oxygen o r  pH. HoweveJ?’ i t  i s  reduced by t r a n s i t i o n  
meta ls  w i t h  two-e lec t ron  t r a n s f e r e d  c a p a b i l i t y ,  such as Mn and T1. I t  i s  a l s o  i n h i b -  
i t e d  by h a l i d e s .  Mn i s  ve ry  e f f e c t i v e  i n  reducing k I o d i d e  i s  even more e f f i c i e n t  
i n  i n h i b i t i n g  degradat ion.  On t h e  o t h e r  hand, k -?;enhanced by one e lec t ron - t rans -  
f e r e d  t r a n s i t i o n  meta ls ,  e s p e c i a l l y  by Fe. I t  k i o u l d  be emphasized t h a t  pH a f f e c t s  
the  s o l u b i l i t y  o f  i r o n  and ca l c ium s u l f i t e ,  which b o t h  a f f e c t  t he  degradat ion.  Howev- 
e r ,  the e f f e c t s  o f  i r o n  s o l u b i l i t y  and d i s s o l v e d  S ( I V )  are oppos i te  on o rgan ic  a c i d  
degradation. Therefore,  low pH w i l l  n o t  necessa r i l y  reduce organic  a c i d  degradat ion,  
even i n  t h e  ca lc ium s u l f i t e  s l u r r y  system. 

The degradat ion p roduc t  p a t t e r n  o f  a d i p i c  a c i d  i s  a s t rong  f u n c t i o n  o f  c a t a l y s t  
environment. Manganese g i v e s  g l u t a r i c  and v a l e r i c  ac ids  as the  major  l i q u i d  phase 
products ,  w h i l e  4 - f o r m y l b u t y r i c  a c i d  i s  the major  corresponding product  i n  the  absence 
of manganese. I n  addi -  
t i o n  o the r  mono- and d i c a r b o x y l i c  ac ids,  hydrocarbons, hyd roxyca roxy l i c  ac ids  and 
othe; carbonyl compounds such as 4-oxopentanoic a c i d  are observed as degradat ion pro-  
duc ts  of  a d i p i c  a c i d .  

Carbon d i o x i d e  i s  t he  major degradat ion product  i n  a l l  cases. 
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Table 1 The E f f e c t s  o f  pH and S u l f i t e  O x i d a t i o n  Rate on the  S o l u b i l i t y  
o f  MnS04, FeS04, and CaS04*1/2H20 

PH Fea(mM) Mnb(mM) [ s( I V  )I d(mM) 

Rox=O Rox=O. 5 - Rox=O Rox=O. 5 - RoxC=O Rox=O. 5 - -  
4 . 0  0.15 0.13 
4.5 0.12 0.12 
5.0 0.02 0.02 

0.43 0.43 
0.45 0.46 
0 .46  0 .46  

34.2 27.0 
24.8 14.5 
9.3 5.9 . .  

5.5 so.01 so.01 0.47 0.46 3.9 1.3 

a 0 . 1  mM was added 
b 0 . 5  mM was added 
c Rox = s u l f i t e  o x i d a t i o n  r a t e  (M/hr) 

Table 2 

Conc (mM) 

E f f e c t s  o f  T r a n s i t i o n  Meta ls  on k12 i n  Sodium S u l f i t e  S o l u t i o n  
by C02 E v o l u t i o n  from 10 mM A d i p i c  A c i d  a t  pH 5.0, 55OC 

Deqradat ion t o  Ox ida t ion  Constant R a t i o ,  k,,xlO’ 

0 
0.03 
0 . 1  
0.3 
1 . 0  
3 . 0  
10.0 

o x i d a t i o n  
s t a t e  

Cr cu - v - T i  Ni  

0.89 0.87 0.86 1.10 0.99 
0.89 

1.18 0.93 1.23 1.03 
1.00 0.90 1.43 1.02 

2.48 1.31 0.86 1.46 1.02 
1.33 0.84 1.54 

- co 

0.84 
0.76 

0.99 
1.60 
3.30 - 
2,3 2,3 1 9 2  334 2,3,4,5 2,3,6 

- 
0.81 

0.82 

- - - - 
- 

- 

T a b l e  3 E f f e c t s  o f  H a l i d e  on k12 i n  Sodium S u l f i t e  S o l u t i o n  

Degradat ion t o  O x i d a t i o n  Constant Rat io ,  k,,xlO’ 

by COz E v o l u t i o n  from 10 mM A d i p i c  Ac id  a t  pH 5 .0 ,  55’C 

~ ~ 

MnS04 - Conc.(mM) KC 1 KBr* K I *  - - - 
0 
0.1 
0 .3  
1 
10 
30 
100 
300 

0.8 
0 .6  
0.3 

2.7 
2 .3  
2.0 
1.5 
0.2 

3 .1  
0 . 1  

1 .o 
0.7 
0.3 
0.3 

* w i t h  1.0 mM Fe 
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Table 4 Comparison o f  Organic Ac ids  as B u f f e r  A d d i t i v e s  i n  Terms o f  kl2 
a t  pH 5.0, 55'C, i n  Sodium S u l f i t e  .So lu t ion  by C02 E v o l u t i o n  

Organic A c i d  Degradat ion t o  Ox ida t ion  Rate Constant Rat io ,  k12x10' 

w i t h  1 mM Mn No C a t a l y s t  K i t h  0.1 mM Fg 

A d i p i c  0.3 
G l u t a r i c  0.3 
4-Hydroxybutyr ic 0 .1  
Sul fosucc i  n i c  0 . 1  
Male ic  3.6 

1.0 
1.0 --- 
0.3 
6.7 

3.0 
3.0 
1 . 4  
0.3 
7.0 

Table 5 Degradat ion Products from 80% Degradat ion o f  10 mM A d i g i c  A c i d  
i n  Calcium S u l f i t e  S l u r r y  w i th  0.1 mM Mn a t  pH 5.0,  5.5 C 
i n  Terms of t h e  Percentage o f  t h e  I n i t i a l  Concent ra t lon  (mM C )  

D i c a r b o x y l i c  Monocarboxyl ic Hydroxycarboxy l i c  Hydrocarbons Others  

C6 Adi i c  
(20: 

C5 G l u t a r i c  V a l e r i c  
(1.5) (0 .7)  

Tetrahydro2,Sfuran 
D i c a r b o x y l i c ( * )  

5-Hydroxyval e r i c  
(2.5) 

C4 Succ in ic  B u t y r i c  4-Hydroxybutyr ic Butane 3-Formyl p r o p i o n i c  
("1 
Furane 
(0.6) 

(0.1) (0 .4 )  (2 .5 )  (1.0) 

-- C3 Malonic 
( 2 . 3 )  

-- c2 

c 1  Formic 
(2.0) 

i 

* l e s s  than 0.1% 

I 
h 

Propane 

Ethane 

Methane Formaldehyde 

(*I  

("1 

(*I (*I 
COz(49) 
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Ice Bath 1 ;as  Bomb 

Condenser 

Sampling Port 

Figure 1 The Apparatus f o r  Ox idat ive  Degradat ion o f  Organic Acids - - 

F i g u r e  2 The E f f e c t s  o f  Dissolved S u l f i t e / B i s u l f i t e  on kd i n  
Sodium S u l f i t e  So lu t ion  a t  pH 5 . 0 ,  55'C, by C02 Evo lu t ion  
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A 0.1 mM Fe 

- 
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PH 
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Figure  3 The E f f e c t  o f  pH on k,, i n  Sodium S u l f i t e  S o l u t i o n  

5 
4 
3 

p" 
Y 

0.5 

0.2 

a t  pH 5.0, 55'C by CO;-Evolution 

I I I I I I I I 

0 0 - c 

0 W o c  

I I I I I I I I 
0.2 0.4 0.6 0.8 ( 

P (atm) 4 
Figure  4 The E f f e c t  o f  Oxygen Vapor Pressor on kI2 i n  Sodium 

S u l f i t e  So lu t ion  a t  pH 5.0, 55OC by C02 Evolu t ion  
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FeSO, (mM) 
F i g u r e  5 The E f f e c t  o f  I r o n  on k,, i n  Calc ium S u l f i t e  S l u r r y  

1.0: 
c) 

0 
0.5 

5 
0.3 
0.2 

- 
a t  pH 5.0, 55°C by C02 E v o l u t i o n  

I I I I I I I 
01 0.02 0.05 0.1 0.2 0.5 I 

MnSO, (mM) 

F i g u r e  6 The E f f e c t  o f  Manganese on kI2 i n  Calc ium S u l f i t e  S l u r r y  
a t  pH 5.0, 55°C by C02 E v o l u t i o n  

I 
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The Potential of a W e t  h c e s s  for Simult eous Control 
of SO2 and NOx in Flue Gas v 

S. G. Chang. and D. Littlejohn 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, CA 94720 

Power plants release oxides of sulfur and nitrogen into the air as a result of 
the burning of fossil fuels. At  high concentration these gases directly &ect 
human health, and when further oxidized and hydrolyzed, they are converted 
into sulfuric and nitric acids and fall to earth as acid rain to  corrode metals and 
etch buildings and monuments made of calcareous rock. Acid rain will also aci- 
dify surface and ground water t o  a point where toxic trace metals reach concen- 
trations that make the water unfit for human consumption or unsuitable for 
aquatic animals, and inhibit crop and forest productivity. Therefore, oxides of 
sulfur and nitrogen in power plant flue gas should be removed before they are 
released to  the atmosphere. 

While the development of flue gas clean-up processes has been progressing 
for many years, a satisfactory process is not yet available. Lime/limestone wet 
flue gas desulfurization scrubber is the most widely used process in the utility 
industry a t  present. The wide use of this type of process is due primarily to  the 
fact that these processes are the  most technically advanced and generally the 
most economically attractive. In spite of this, i t  is expensive and accounts for 
about 2535% of the capital and operating costs of a power plant. Techniques for 
the control of nitrogen oxides emissions in the post combustion have not been 
developed as extensively as those for control of sulfur dioxide emissions. Several 
approaches have been proposed. Among these, ammonia-based selective cata- 
lytic reduction (SCR) has received the most attention. But, SCR may not be suit- 
able for U.S. coal-fired power plants because of reliability concerns and other 
unresolved technical issues. These include uncertain catalyst life, water dispo- 
sal requirements, and the effects of ammonia by-products on plant components 
downstream from the reactor. The sensitivity of SCR processes to  the cost of NH3 
is also the subject of some concern. 

The development of a process that is simple and can allow an  efficient remo- 
val of both SOz and NO, simultaneously in one system could provide economical 
advantage. In the ~ O ’ S ,  Japanese pursued this approach and developed several 
types of wet flue gas simultaneous desulfurization and denitrification processes 
which were demonstrated to  be highly efficient in SOz and NO, removal (about 
90% for NO, and 99% for SOz). However, these wet processes have not reached the 
commercial stage yet because they are uncompetitive economically, according 
to cost evaluation. These cost evaluations, however, were made based on design 
and knowledge available a t  that  time. Critiques have indicated that these wet 
processes are in their early stages of development and with their maturation, 
they could become competitive in cost. 

The most promising type of wet process developed so far, such as Asahi pro- 
cess. is based on the addition of ferrous chelates in scrubbing liquor to  enhance 
the absorption of NO by forming ferrous nitrosyl chelates in aqueous solutions. 
Ferrous nitrosyl chelate can then react with dissolved SO2 to produce Nz. NzO 

This work was supported by the Assistant Secretary for Fossil Energy, Office of Coal Research, 
U.S. Department of Energy under Contract Number DE-AC03-78SF00098 through the Pittsburgh Ener- 

Technology Center, Pittsburgh, Pennsylvania. 
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dithionate. sulfate and various N-S compounds, while some ferrous chelate is oxi- 
dized to ferric chelates, which are inactive. Therefore, this type of process 
requires regeneration of scrubbing liquors by removing dithionate, sulfate, and 
N-S compounds from the  solutions and reduction of ferric chelate back to fer- 
rous chelates. The chemistry of this type of process is complicated and has not 
been well investigated. Therefore, an optimum design of a system of this type 
can not be achieved. This paper discusses some important,factors that should be 
considered in identifying an optimum metal chelate catalyst and in developing 
an efficient scrubber for the simultaneous desulfurization and denitrification of 
a power plant stack gas. The kinetics and products of the reaction of ferrous 
nitrosyl chelates with aqueous SO, have been investigated. The effect of this 
reaction on scrubber operation is also discussed. 

Thermodynamic Equilibrium and Kinetics of NO and SO2 Absorption 
The solubility of NO in aqueous solutions is very small. The solubility 

coefficients is 1.93 x mol/L-atm a t  25" C and zero ionic strength 01). The 
solubility decreases with increasing temperature; the enthalpy of solution is AH 
= -2.94 Kcal/mol. The solubility of NO decreases with increasing ionic strength; 
this decrease amounts to approximately 8% for p = 0.1 mol/L. The solubility of 
NO in aqueous solution was found to be independent of pH over the range 2-13. 
For 1000 ppm of NO in equilibrium with aqueous scrubbing solution at 50" C and p 
= 0.1 mol/L, the concentration of NO in the aqueous phase is only 1.2 x lo4 
mol/L. The absorption of NO is enhanced by some water-soluble metal chelate 
compounds which forms complexes with NO. We have determined the equili- 
brium constants, enthalpy, and entropy for the coordination of NO to several fer- 
rous chelates using a laboratory scale gas absorption apparatus and a 
temperature-jump ap aratus. For an aqueous scrubbing solution initially con- 
taining 0.1 mol/L Feg(NTA) at 50" C. p = 0.1 mol/L, the fraction of the iron 
chelate that is converted to Fezf(NTA)NO is about 36% when the solution is in 
equilibrium with a gas containing 1000 ppm of NO at  1 atm. Thus, the presence of 
the Fe2+(NTA) increases the capacity of the scrubbing solutions of NO by a factor 
of 30,000 or more. 

With the temperature-jump technique, we have directly measured the for- 
mation and dissociation rate constants of several ferrous nitrosyl chelates. For 
both Fe2+(EDTA)N0 and Fe2+(NTA)N0.  the relaxation times due to the tempera- 
ture jump were too fast to  be measured. However, an upper limit of 10 ps was 
established for the relaxation times for both complexes. 

Sulfur dioxide is moderately soluble in water. The solubility coefficient of 
SO2 is 1.24 mol/L-atm at  25" C. Hydrated Sop can ionize to form bisulfite and 
sulfite ions. The equilibrium constants of these ionizations are known. The 
equilibrium concentrations of total aqueous S(IV) species increases with increas- 
ing solutions pH at a given partial pressure of SOz. The rate constantslof ioniza- 
tion of hydrated SO2 has been measured to  be very fast (3.4 x 10' sec- a t  20' C) 
by Eigen et  al. by using a relaxation technique. 

Reaction of Fe2+(L)N0 + S03=/HS0i 
A number of studies have been made of the reaction of ferrous nitrosyl 

chelates with sulfite and bisulfite ion in recent years. Reports of the reaction 
have indicated that is is complicated, and have not provided a complete under- 
standing of the reaction mechanisms. There are contradictions in the literature 
as to what the reaction products are, as well as the kinetic behavior. We have 
recently studied the reaction using several different analytical techniques. The 
observed reaction products are Fe(II1). SO,2-. S ~ O B ~ - ,  N e ,  NzO,  and N-S com- 
pounds. 
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Gaseous products were analyzed by an Aerograph A700 gas chromatograph 
with a Porapak Q column. SF, was used over most solutions and as a carrier gas 
to allow determination of N2 generated by the reaction mixtures. Occasionally, 
gas samples were withdrawn and run on an A.E.I. MS12 mass spectrometer to 
check the results obtained by gas chromatography. 

Ferrous ion concentrations were determined by the 1 , l O  phenanthroline 
method. Test solutions were acidified to pH N 2.5 to avoid interference from the 
ligands used in the reaction mixtures. 

We have developed a laser Raman spectroscopic and ion chromatographic 
techniques that can be successfully used in the determinations of N-S com- 
pounds in reaction mixtures. Both techniques require only a small amount of 
the sample and allow simple, rapid and simultaneous determination of these 
compounds. Figure 1 shows Raman spectra of the N-S compounds along with the 
sulfate ion reference peak at 980 cm- . The spectra can be quantified by adding a 
known amount of a reference compound, such as CZO;. to  the sample and com- 
paring peak heights. The peak heights must be corrected for the relative 
scattering efficiencies of the compounds (Table 1). Using a Dionex 2010i Ion 
Chromatograph with a conductivity detector, we can make determinations of N-S 
compounds. Figure 2 shows composite ion chromatogram of the N-S compounds. 

The kinetics of the disappearance of the ferrous nitrosyl complex was  moni- 
tored by observing one of the visible absorption bands of the complex with a Cary 
219 spectrophotometer interfaced to  an Apple 11+ computer. The rate expression 
we obtained is: 

drFe(l l ) (L)Nol  d t  = k ,[HSOc]  + kz[SOi-][Fe ( I I ) (L)NO] 1) 

For L = EDTA at  55" C and pH 4 t o  8. k = 9.0 x 
These values are valid for lo4 M < [Fe(ll)(EDTA)NO] < 
lo-' M. 

sec-' and k 2  = 0.60 M-' sec". 
M < [S(lV)] < 

From the reaction products observed and their behavior, we have developed 

M and 

the following reaction mechanism: 

Fe (]I)( L)NO 

NO + SO,2- 

NO + NOS032- 

( NO)2S032- 

Fe(II)(L)NO + SOS2- 

Fe( II)(L)NOSOi- 

Fe (11) (L)( N0)2S08- 

Fe(ll)(L) + Fe(ll)(L)(N0)2SO#- 

Fe(II)(L)NO + HSOF 

2Fe( 1I)( L)NOHSOs 

Fe(ll)(L)NOHSO< + Fe(lI)(L)NO 

HSO; + NOS03 

Fe(Il)(L) + N O  

(N 0)  S032- 

( NO)2S032- 

N 2 0  + SO,2- 

Fe (11) ( L)NOS032- 

Fe (II)(L) (NO),SOi- 

Fe(lI)(L) + (NO)2SOgz 

2 Fe(lll)(L) + N20B= tS03*- 

Fe (II)(L)NOHSO< 

2 Fe(lI)(L) + HON(S0<)2  + HNO 

ZFe(II)(L) + NOSO< + HNO 

H O N ( S 0 3  )2 
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m 

n 

ZNO- - NZ0z'- 0 

H2N202 - NgO+H20  P 

NzOz2-+Ht - NzO+OH- 9 

2.70; - s20g- S 

Fe(III)(L) + SO;+OH- - Fe(II)(L) + S O f - + H +  t 

Fe(lII)(L) + HSO; - Fe(ll)(L) + SO; +H+ r 

This mechanism provides an explanation of the complexity of this reaction sys- 
tem and helps explain the results obtained by others. 

Regeneration of Scrubbing Liquors 
The scrubbing liquors leaving an absorber must be regenerated before being 

recycled back to the absorber. Ferric chelates, produced as a result of the oxida- 
tion of ferrous chelate catalysts by residual oxygen in flue gas and 'ONNOSOC in 
the system, a re  inactive and must be reduced back to ferrous chelates. I t  is 
known that ferric ion can react with bisulfite ion to  form ferrous ion and 
dithionate (r and s). This reduction method has been employed in the Asahi pro- 
cess. Also the sulfate, dithionate, and N-S compounds produced from the reac- 
tion of ferrous nitrososulfonates and ferrous nitrosyl chelates (j. k and 1) in the 
scrubbing liquors must be removed to prevent i ts  buildup in the scrubbing solu- 
tions. 

In the Asahi process, the flue gas enters a packed-bed absorber where it 
flows countercurrent to a 6.3 pH sodium-salt scrubbing solution containing 
Fe2+(EDTA). The liquid effluent from the absorber is then pumped to a reducing 
tank. Most of t h e  scrubbing liquors leaving the reducing tank is recycled to the 
absorber. Only about 10-20% of liquors is pumped to an evaporator system in the 
regeneration section. The concentrated solution from the evaporators is then 
pumped to a cooling crystallizer where hydrated sodium dithionate and sulfate 
crystals a re  produced under vacuum. These crystals a re  separated from the 
mother liquor in  a screw decanter and sent to a dryer operating at 250" F-300" F 
in which the hydrated crystals are converted t o  anhydrous sodium salts. Most of 
the mother liquor from the decanter is recycled to the reducing tank and a 
smaller stream is passed through a N-S compounds treatment section. The N-S 
compounds are converted to relatively insoluble potassium salts by reaction with 
potassium sulfate. The potassium salts of N-S compounds are separated in a 
screw decanter and sent to a thermal cracker for the decomposition at  about 
930" F. 

The high capital investment cost of the Asahi process is due to  the necessity 
for large absorbers, evaporators, crystallizers, dryers, rotary kiln crackers and 
screw decanter separators. The major operating and maintenance costs are 
electricity, fuel oil, steam and chemicals such as soda ash, EDTA and limestone. 
The requirement for consumption of large amount of utilities is associated nith 
the operation principle and design of the Asahi process. 

Further research areas where improvement of this type of process such as 
the Asahi process might be made to provide economic advantage will be dis- 
cussed. 
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Figure 1 Raman spec tra  o f  (from top t o  
bot tom)  HADS, HAMS, HA, ATS,  ADS, and 
SA, al2pg with SO 
980 cm . re ference  peak a t  4 

Figure 2 Ion chromatqgrams of ADS and ' 

HADS with 18 mM CO eluent (upper 1 
t race )  and SA and hS with 1.5mM 
HCO- eluent (lower t r a c e ) .  3 
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Chemical Kine t ics  of Intermediates  i n  t h e  Autoxidation of SO2 

Robert E .  Huie 

National Bureau of Standards 
Cai thersburg,  MD 20899 

The au toxida t ion  of aqueous s o l u t i o n s  of s u l f u r  dioxide ( s u l f i t e ,  
b i s u l f i t e )  is a c l a s s i c  problem i n  chemistry. 
r e a c t i o n  have been known s ince  e a r l y  i n  t h i s  cen tury ,  when i t  was 
e s t a b l i s h e d  t h a t  t h e  r e a c t i o n  i s  t r a c e  metal ion ca ta lyzed  ( 1 )  and most 
l i k e l y  involved f r e e  r a d i c a l s  ( 2 ) .  Cer ta in  chemical e f f e c t s  assoc ia ted  
with s u l f i t e  au toxida t ion  were noted a l s o .  Before t h e  t u r n  of t h e  
century,  i t  was repor ted  t h a t  s u l f i t e  would induce t h e  oxida t ion  of 
t r a n s i t i o n  metal ions ( 3 )  and i t  was reported l a t e r  t h a t  t h e  oxida t ion  of 
organic  compounds was brought about during s u l f i t e  au toxida t ion  ( 4 ) .  
Conversly, i t  was repor ted  a l s o  t h a t  organic  compounds could s e r v e  as 
i n h i b i t o r s  of s u l f i t e  au toxida t ion  ( 5 ) .  

Basic f e a t u r e s  of t h i s  

Over the past century t h e r e  have been a g r e a t  many s t u d i e s  on s u l f i t e  
autoxidat ion ( 6 ) ,  including s t u d i e s  on t h e  r a t e  of t h e  r e a c t i o n  i n  t h e  
presence of c a t a l y s t s  and i n h i b i t o r s ,  measurements of t h e  amounts of 
s u l f i t e  and d i t h i o n a t e  found under var ious condi t ions ,  t h e  determinat ion 
of the  products a r i s i n g  from t h e  a d d i t i o n  of organic  ( inc luding  
biochemical) cmpounds, and s t u d i e s  on t h e  e f f e c t s  of mixed c a t a l y s t s .  
Yet, a q u a n t i t a t i v e  understanding of t h e  r e a c t i o n  has been e lus ive  (7 ,8 ) .  
This  i s  due l a r g e l y  t o  a lack  of q u a n t i t a t i v e  d a t a  on t h e  elementary s t e p s  
i n  t h e  o v e r a l l  r e a c t i o n ,  including d a t a  on t h e  r a t e s  of t h e  f r e e  r a d i c a l  
r e a c t i o n s  l i k e l y  t o  be important. 

Recently, we have c a r r i e d  out  s t u d i e s  on t h e  free r a d i c a l  
chemistry of s u l f i t e .  These s t u d i e s  have included k i n e t i c  measurements on 
t h e  r e a c t i o n s  of organic  and inorganic  f r e e  r a d i c a l s  with s u l f i t e  and 
b i s u l f i t e ,  and on the  r e a c t i o n s  of t h e  s u l f i t e  der ived r a d i c a l s  SO, 
SO5- with organic  and inorganic  s u b s t r a t e s .  In  t h i s  paper ,  I w i l l  review 
some of our r e s u l t s  and r e s u l t s  from o t h e r  l a b o r a t o r i e s  on t h e  r a d i c a l  
chemistry of s u l f i t e  and d iscuss  t h e s e  r e s u l t s  i n  r e l a t i o n  t o  t h e  problem 
of SO2 autoxidat ion.  

- 
and 

Rate cons tan ts  f o r  the  r a d i c a l  r e a c t i o n s  were c a r r i e d  out  using pulse  
r a d i o l y s i s .  Br ie f ly ,  a N 2 0  s a t u r a t e d  s o l u t i o n  is pulse  i r r a d i a t e d ,  w i t h  
high energy e l e c t r o n s ,  producing OH r a d i c a l s .  

H 2 0  

e-aq + N 2 0  + H p O  + N 2  + OH + OH- 

(The small  amount of H atoms produced usua l ly  does not  i n t e r f e r e . )  
r e a c t s  w i t h  s u l f i t e  o r  b i s u l f i t e  t o  produce t h e  SO3- r a d i c a l  

The OH 

OH + H S 0 3 -  + H 2 O  + BO,- 

OH +  SO,^- + OH- + io3- 
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or  wi th  some o t h e r  Organic or inorganic  s u b s t r a t e  t o  produce another 
des i red  r a d i c a l  

OH + S + OH- + 8+ 

The o p t i c a l  absorpt ion of SO3: e x h i b i t s  Xmax = 225 nm with = 
1000M-lcm-l ( 2 ) .  
reac t ions  of SO3- w i t h  o t h e r  s u b s t r a t e s  s ince  t h e  uv absorpt ion of most 
o ther  s u b s t r a t e s  o r  t h e i r  r a d i c a l s  mask t h i s  r e l a t i v e l y  weak absorpt ion.  
Therefore. the  o p t i c a l  absorpt ion of the  o ther  r a d i c a l  protuct  (or 
r e a c t a n t )  was monitored. 
ascorbate ,  the  ascorba te  r a d i c a l  absorpt ion a t  360 nm was 
monitored; the  r e a c t i o n  of the r a d i c a l  f2- w i t h  HS03-/S032- was monitored 
a t  380 nm, the  absorp t ion  maxima f o r  I2 . 
Oxidation of s u l f i t e  and b i s u l f i t e  by f r e e  r a d i c a l s  

This absorpt ion is  not  convenient f o r  following the  

For example, i n  t h e  r e a c t i o n  of SO3- w i t h  

We h a v e  found t h a t  s u l f i t e  and b i s u l f i i e  undergo one-electron 
oxidat ion by many f r e e  r a d i c a l s  t o  produce SO3-. 
determined f o r  s e l e c t e d  r a d i c a l s  a r e  given i n  Table 1 .  Measurement of the 
r a t e  constant  over a wide range of pH has ,  i n  sane cases ,  allowed t h e  
separa te  de te rmina t ion  of r a t e  cons tan ts  f o r  t h e  oxidat ion of s u l f i t e  and 
b i s u l f i t e .  
ox id ize  b i s u l f i t e  f a s t e r  than s u l f i t e .  For r a d i c a l s  are weaker oxidants ,  
t h e  r e a c t i o n  with s u l f i t e  i s  t h e  f a s t e r .  For example, with Br2- the  r a t i o  
of r a t e  c o n s t a n t s  f o r  s u l f i t e  t o  b i s u l f i t e  i s  about 4; f o r  t h e  even weaker 
oxidant I*- the r a t i o  is about 200. 
c a t i o n ,  t h e  r e a c t i o n  wi th  s u l f i t e  is very f a s t  (k - 10gM-ls-l) while t h e  
r e a c t i o n  w i t h  b i s u l f i t e  is  too slow t o  measure (k<8x105M-’s-’). 

Rate cons tan ts  

The very s t r o n g  oxidants  OH and SOQ- reac t  very rap id ly  and 

For the  dimethylani l ine r a d i c a l  

These observa t ions  on both the r e l a t i v e  and absolu te  r a t e s  of 
reac t ion  of r a d i c a l s  with s u l f i t e  and  b i s u l f i t e  can be compared w i t h  
observat ions made on the  r e a c t i o n s  of t r a n s i t i o n  metal ions wi th  SO2 
so lu t ions .  T y p i c a l l y ,  a s t r o n g ,  p o s i t i v e  pH dependence is measured f o r  
these r e a c t i o n s .  T h i s  usual ly  i s  i n t e r p r e t e d  a s  suggest ing t h a t  s u l f i t e ,  
not  b i s u l f i t e ,  is t h e  important r e a c t a n t .  Since these  metal ions a r e  
r e l a t i v e l y  weak oxidants  (E < 1V). t h i s  conclusion would appear t o  be 
j u s t i f i e d .  For M n ( I I I ) ,  w h i c h - i s  a s t rong  oxidant  (Eo - 1 . 4 V ) ,  r eac t ion  
w i t h  b i s u l f i t e  appeared t o  be important (10).  

Reactions of s u l f i t e  r a d i c a l s  

Rate c o n s t a n t s  f o r  t h e  r e a c t i o n s  of io3-  w i t h  a wide v a r i e t y  of 
organic  compounds have been measured; some of these  r e s u l t s  a r e  summarized 
i n  Table 2. The s u l f i t e  r a d i c a l  was found to  oxidize ascorba te ,  t r o l o x  (a  
water s o l u b l e  tocopherol  d e r i v a t i v e ) ,  methoxyphenol, hydroquinone and 
other  phenol ic  compounds, su l fona ted  hydroquinones. phenylenediamines, and 
phenothiazines w i t h  r a t e  cons tan ts  ranging t o  109M-1s-1. 
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Rate constants  f o r  one-electron redox r e a c t i o n s  depend upon t h e  
r e l a t i v e  reduct ion p o t e n t i a l s  of t h e  r e a c t a n t s .  We have been a b l e  t o  
der ive  t h e  one-electron reduct ion  p o t e n t i a l  of io3- by measuring t h e  
equi l ibr ium cons tan t  f o r  i ts  r e a c t i o n  with chlorpromazine 

so3- + ClPz t ~032- + ClPz+ 

This  l e d  t o  a reduct ion p o t e n t i a l  of 0.84V v. NHE at pH 3.6 f o r  t h e  couple 
so -/HSO -. 
This  change i n  p o t e n t i a l  helps  expla in  why oxidized by t h e  same 

The reduct ion  p o t e n t i a l  of t h e  couple i n  b a s i c  
so?ut ion3is  ca lcu la ted  (from the  pKa of HSO + S032-)  t o  be 0.63V. 

oxidant  more r e a d i l y  than  HS03-. 

one-electron reduct ion p o t e n t i a l  for Soh2 . 
be done by subt rac t ing  E(S03-)=0.63V from twice t h e  two-electron reduct ion  
p o t e n t i a l  f o r  s u l f i t e  

Using t h e  reduct ion p o t e n t i a l  f o r  SO3- we can c a l c u l a t e  t h e  
I n  b a s i c  s o l u t i o n ,  t h i s  can 

Sob2- + H 2 0  + 2e- -t S032- + ZOH-, E = -0.92V. 

This  l e a d s  t o  

Soh2- + H20 + e- -t SO3- +20H-, E= -2.47V. 

Although t h i s  suggests  t h a t  SO3- can a c t  as a s t rong  r e d u c t a n t ,  t h i s  
c a l c u l a t i o n  possibly s e r i o u s l y  o v e r s t a t e s  i ts  a c t u a l  reducing power. This  
is  because t h e  i n i t i a l  product of the  e l e c t r o n  t r a n s f e r  would be SO3. not  
Sou2- which r e s u l t s  f r m  subsequent hydro lys is .  The enthalpy d i f f e r e n c e  
between S03eaq and SO4*- is not known, but probably is  g r e a t e r  than  t h a t  
between S02saq and S032- (3.24V) ( 1 1 ) .  
e l e c t r o n  p o t e n t i a l  f o r  t h e  S03/S03-  couple would be g r e a t e r  than 0.77 V 
and SO3- would t h e r e f o r e  be a very poor reductan t .  

Possibly t h e  most important r e a c t i o n  of t h e  s u l f i t e  r a d i c a l  i n  
au toxida t ion  systems i s  with molecular oxygen. 
suggested t o  l e a d  e i t h e r  t o  02- or t o  t h e  peroxy r a d i c a l  SO5- 

I f  t h i s  is  c o r r e c t ,  t h e  one 

The r e a c t i o n  has been 

By determining t h e  r e a c t i v i t y  of the  product r a d i c a l  w i t h  ascorba te ,  we 
were a b l e  t o  demonstrate t h a t  t h e  former r e a c t i o n  i? very unl ike ly  and 
concluded t h a t  t h e  product is the  peroxy r a d i c a l ,  SO5 . - 

Reactions of t h e  peroxysul fa te  r a d i c a l  

I n  Table 3 are l i s t e d  some r a t e  cons tan ts  f o r  r e a c t i o n s  of St,-, 
along wi th  some values  for SO3- and SO4- for comparison. The r e s u l t s  show 

t h a t  Sb5- is a s t ronger  oxidant than 503- (but  weaker than S64-) and we 
have est imated its one-electron reduct ion  p o t e n t i a l  t o  be about 1.1V a t  pH 
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so5- + x . *  ~ 0 ~ 2 -  + X+ 

X+ + ~ 0 ~ 2 -  + x + so3- . 
In sulfite autoxidation, an exceedingly important reaction is that of 

SO - with S03'-/HS0 -. 
th?s reaction, but Zave not been able to establish its mechanism. 

We have been able to derive a rate constant for 

Three paths are possible for this reaction 

so5- + so32- + H+ + H S O ~ -  + so3- 

Since both OH and S04- very rapidly oxidize S032- -, these paths are 
indistinguishable in our experiments. The identitiooSo? he correct path is 
quite important since the production of HS05- can lead to possible chain 
branching steps. 
reduction by a host of organic compounds. 
these reactions are consistant with that derived for the reaction of SO5- 
with SO '-. 
the mos? likely. 

This product of the one-electron reduction of SC5- (HS05-, 
peroxymonosulfate. Caro's acid). is a strong oxidant with a standard 
two-electron reduction potential of 1.82V (12). A product with the 
properties of peroxymonosulfate has been observed with a yield up t o  30% 
upon bubbling oxygen through a solution of sodium sulfite (13). This 
compound can undergo many possible subsequent reactions. From the present 
point of view, the most important would be the further production of free 
radicals, most likely upon reaction with transition metal ions, for  
example 

We do know that SO5- undergoes this one-electron 

I therefore conclude that the mechanism producing HS05- is 

Further, the rate constants,for 

Fe2+ + HS05- + Fe3+ + OH + 

+ Fe3+ + OH- + SO4- 

In a mechanism for the iron catalyzed autoxidation of sulfite, this would 
be a chain branching step. 
with HSO -, in acid, does lead to free radicals, but is somewhat more 
complex cihan written above (14). 

We have some evidence that the reaction of Fe2+ 

9 
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Conclusions 

It has been apparent f o r  some time t h a t  the  i n h i b i t i o n  of s u l f i t e  
autoxidat ion by organic  compounds is  due t o  r e a c t i o n  of f r e e  r a d i c a l  

chemical e f f e c t s  assoc ia ted  w i t h  SO2 autoxida t ion  a r e  due t o  these o r  
o ther  r e a c t i v e  intermediates .  Now t h a t  t h e  r e a c t i v i t i e s  of many Of these 

understood. For many organic  compounds, l i k e  hydroquinone and o t h e r  
phenolic s p e c i e s ,  r e a c t i o n  wi th  S03-.and SO5- is poss ib le .  Indeed, they 
prove t o  be the  most e f f i c i e n t  i n h i b i t o r s  of SO2 autoxida t ion .  
organic  compounds l i k e  mannitol o r  fumarate ,  only r e a c t i o n s  with Sob- 2r 
OH a r e  l i k e l y .  
might be possible .  

/ intermediate  with these  compounds. Fur ther ,  i t  seems l i k e l y  t h a t  t h e  

I intermediates  a r e  known, t h e  mechanism of these  e f f e c t s  can be begun t o  be 

) 

For o t h e r  

In  some cases ,  i n h i b i t i o n  by d i r e c t  r e a c t i o n  wi th  HS05 

The r e s u l t s  we have obtained on t h e  one-electron oxida t ion  of s u l f t  
and b i s u l f i t e  by f r e e  r a d i c a l s  a l s o  a r e  important i n  understanding 
poss ib le  chain i n i t i a t i o n  and chain car ry ing  s t e p s  i n  SO2 autoxida t ion .  
This is p a r t i c u l a r l y  t r u e  i n  systems which do not c o n s i s t  simply of SO2 
and a c a t a l y s t .  For example, the  production and subsequent r e a c t i o n  of 

e 

h a l i d e  f r e e -  r a d i c a l s  could be important i n  any system conta in ing  halogen 
ions.  The observat ion t h a t  many organic  f r e e  r a d i c a l s  can r e a c t  with 
s u l f i t e  a l s o  could be important i n  understanding these  complex systems. 
Some organic  f r e e  r a d i c a l s  can be  formed e a s i l y  by  r e a c t i o n  of the  parent  
with 02.  
t h e y  could provide new, e f f i c i e n t ,  c a t a l y s t s  f o r  SO2 autoxida t ion .  

I f  these r a d i c a l s  r e a c t  w i t h  s u l f i t e  but a r e  otherwise s t a b l e ,  

Although t h e  s tudy of SO2 autoxida t ion  is over 100 years  o l d ,  t h e  
direct  s tudy  of t h e  r e a c t i v e  in te rmedia tes  i s  j u s t  beginning. I n  real- 
world systems, ranging from atmospheric d r o p l e t s  t o  f lue-gas  scrubbers ,  
these  r e a c t i o n s  w i l l  t ake  p lace  under a wide range of pH. temperature ,  and 
i o n i c  s t r e n g t h .  A s  these  r e a c t i o n s  become b e t t e r  understood, they can be 
used t o  model t h e s e  sytems and, u l t i m a t e l y  t o  cont ro l  them. 

Y 
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Table 1 . Rate Constants f o r  Reactions of S u l f i t e  w i t h  Radicals  

Reaction - PH k(M-'s-' ) re ference  

- 

- 
- 

- 

7 
u . 2  

10 

3 
6.7 

1 1  

1 1  

1 1  

2.5 
* 
13 

3.6 
10.9 

3.6 

9 . 5 ~ 1 0 9  

5 . 5 ~ 1 0 ~  

- >5x1 O8 

3 . 3 ~ 1  O7 

6 . 9 ~ 1  O7 
2 . 6 ~ 1  O8 

- > 1 ~ 1 0 9  

1.1x106 

1x107 

1.9x108 

1x107 

N R  

4 . 8 ~ 1  O6 

4x1o9 
<3x104 

<aX1 05 

9.9x108 
-5x1 O5 

a 

a 
b 

b 

C 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

e 

NR No r e a c t i o n  de tec ted  (k<105M-1s-1). The redox p o t e n t i a l s  for  N H 2  and 
SO3- r a d i c a l s  appear t o  be very s i m i l a r ,  judging from r a t e  cons tan ts  f o r  
t h e i r  r e a c t i o n s  w i t h  severa l  r e a c t a n t s .  

* Calculated from t h e  pH dependence of t h e  rate cons tan t .  

( a )  Adams, G .  E . ;  Boag, J .  W . ,  Proc. Chem. x. 1964, 112. 
( b )  Hayon, E.  ; T r e i n i n ,  4 . ;  W i l f ,  J., 2. &I. -. @. 1972, e, 47. 
( c )  Hasegawa, K . ;  Neta, P . ,  J .  Phys .  Chem. 1978, 82, 854. 
( d )  Neta, P . ;  Huie, R. E . ,  J .  Phys.'Chem., submit ted.  
( e )  Huie ,  R .  E . ;  Neta, P . ,  J .  Phys. Chem., 1984, E, 5665. 
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Table 2. Rate constants for Reactions of SO3- Radicals with Various 
Reactants 

Reactant F!!! k(M-ls-l) reference 

ascorbic acid 
ascorbate ion 
ascorbate dianion 
trolox 
phenol 
p-methoxyphenol 
p-methoxyphenol 
hydroquinone 
hydroquinone 
hydroquinone 
p-phenylenediamine 
p-phenylenediamine 
p-phenyl enedl amine 
N,N,N',N'-tetramethyl-p- 
phenylenediamine 
N,N,N',N'-tetramethyl-p- 
phenylenediamine 
chlorpromazine 
02 

<3 
5-1 0 

>12 
9 

11 . 1  
9.2 
12.4 
8.9 
10.5 
12.9 
3.4 
5.3 
9.3 

4.5 

9.5 
3.6 
6.8 

<lo6 
9x1 06 

-1 06 

4x1 07 
1.2x108 

3x1 O8 

6x1 05 

4 . 5 ~ 1 0 ~  
5.4~107 
3 . 2 ~ 1 0 ~  

4 . 2 ~ 1 0 ~  
50x1 07 

8 . 2 ~ 1 0 ~  

5.2~1 g8 
- 5 ~ 1 0  
1.5~1 O9 

<5x105 

a 
a 
a 
a 
b 
b 
b 
C 
C 
C 
d 
d 
d 

d 

d 
b 
b 

(a)  Huie, R. E.; Neta, P., =. g. Interact., 1985, in press. 
(b) Huie, R. E.; Neta, P., J .  m. Em, E, 5665. 
(c) Huie, R. E.; Neta, P., manuscript in preparation. 
(d) Neta, P.; Huie, R. E., J.  w. =., submitted 

Table 3. Canparison of Sane Rate Constants for Reactions of 
SO3-. SO5-. and SO4- with Organic Canpounds (in M-ls-') 

Reactant 5 
ascorbic 
ascorbate 
trolox 
aniline 
N ,N-dimet hylaniline 
tyrosine 
tryptophan 
histidine 
i -ProH 
ethanol 
fumarate 
succinate 
allyl alcohol 
glycine 
HS03- 

<lo6 
9xb06 

-1 0 
(reverse) 
(reverse) 
<lo6 

~~1 o4 

<lo3 

(105 

<lo3 

NR 

- 
NR 

- 

2x1 06a 

1.2x 07a 

lx107b 

1 .4xl 08a 

3x1 Obb 

~ 1 0 3 ~  

- 

3x1 06e 

1) 

* 

i 

- 3 ~ 1  OgC 
- 2 ~ 1  ogc 
-2.5~109~ 
- 8 ~ 1 0 7 ~  
3 x 1  0 7 ~  
-2x1 0 7 ~  

1 .5x 09c 

-1 09c 

7.1~10~' 

-9x1 obc 

(a) Huie. A .  E.; Neta, P., e. E. Interactions, 1985, in press 
(b) Neta, P.; Huie, R. E., J. a. Chem., submitted. 
(C) Ross, A. E.: Neta. P.. N S R D S - N B S x  1979 . .  ~. 
(d) Hayon, E.; Trelnin, A . ;  Wilf, J., J. E. e. =. 1972, e, 4 132 
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Acoustic Agglomeration o f  Power P lan t  Fly Ash for 
Environmental and Hot Gas Clean-up 

Cerhard Reethof 

The Pennsylvania S t a t e  Univers i ty ,  Univers i ty  Park, PA 16802 

INTRODUCTION AND STATEMENT OF PROBLEM 

Current techniques t o  remove p a r t i c u l a t e s  i n  coa l  f i r e d  power p lan t  f l u e s  a r e  
based on e l e c t r o s t a t i c  p r e c l p i t a t o r s ,  bag houses and w e t  scrubbers.  Typical 
COlleCtiOn e f f i c i e n c i e s  of such devices and t h e  f a r  less e f f i c i e n t  cyclones are 
shown i n  Figure 1 .  Of i n t e r e s t  is the f a c t  t h a t  below 1 pm t h e  e f f i c i e n c i e s  drop 
o f f  r a the r  p rec ip i tous ly .  Work presented by Davies 111, Figure 2, has  shown t h a t  
t h e  human lower pulmonary system is unfor tuna te ly  most e f f i c i e n t  i n  absorbing and 
r e t a i n i n g  p a r t i c l e s  i n  t h e  1 pm range. These p a r t i c l e s  a r e  t h e  primary cause of 
such r e s p i r a t o r y  a i lments  as b ronch i t i s ,  emphysema and lung cancer.  

suspended i n  an urban atmosphere a r e  smaller than  1 pm C23. 
i n  pa r t  t h e  r e s u l t  of t h e  low e f f i c i ency  of p a r t i c l e  c o l l e c t i o n  devices  f o r  t h e  
removal of these small  p a r t i c l e s .  Therefore,  l e g i s l a t i o n  has  been under 
cons idera t ion  a t  t h e  Federa l  l e v e l  which will inc lude  recogni t ion  of p a r t i c l e  s i z e  
r a t h e r  than j u s t  mass removal which is t h e  s o l e  c r i t e r i o n  i n  cu r ren t  Federa l  
l e g i s l a t i o n .  Ca l i fo rn ia  and Maryland have a l ready  l e g i s l a t i o n  i n  e f f e c t  which, as a 
r e s u l t  of a "no v i s i b l e  emission" s ta tement ,  provides some c o n t r o l  of submicron 
p a r t i c u l a t e s .  

The agglomeration or growth of t h e  submicron and low micron s i z e d  p a r t i c l e s  
i n t o  5 t o  20 micron s i zed  agglomerates us ing  high i n t e n s i t y  acous t i c  f i e l d s  for 
subsequent e f f i c i e n t  removal by conventional p a r t i c l e  removal devices ,  such a s  those  
mentioned e a r l i e r ,  is one of t h e  most a t t r a c t i v e  a l t e r n a t i v e s  and t h e  sub jec t  of 
t h i s  paper. Acoustic agglomerators would, t h e r e f o r e ,  be aerosol  condi t ion ing  
devices  i n  clean-up t r a i n s  cons i s t ing  f o r  example, of a f i r s t  s t a g e  of cyclones t o  
remove t h e  l a r g e s t  p a r t i c l e s  followed by an acous t i c  agglomeration device wi th  t h e  
r e s u l t i n g  enlarged p a r t i c l e s  being removed by any one of t he  conventional c l ean ing  
devices.  

Accelerated agglomeration o f  p a r t i c l e s  i n  sound f i e l d s  is not  a new idea .  
William Ostwald  f i r s t  suggested t h e  use of a c o u s t i c  agglomeration t o  c o l l e c t  l i q u i d  
p a r t i c l e s  a s  e a r l y  a s  1866. 
Smoluchouski C31, i n  Germany i n  1915; Andrade C41; Brandt,  Freund and Hiedeman i n  
Germany [5,61 i n  1936; S t .  Clair E71 i n  the  United S t a t e s  between 1938 and 1950; 
Stokes E81 i n  t h e  United S t a t e s  i n  1950. 
Danser and Soderberg and Fowle (9-141, a t  Ul t r a son ic  Corporation i n  Cambridge, 
Massachusetts during t h e  e a r l y  1950 ' s ,  who developed c o m e r c i a l l y  a v a i l a b l e  acous t i c  
coagula tors  for such d ive r se  app l i ca t ions  as cement p l an t s ,  open h e a r t h  gas dus t  
removal, ca l c ina t ed  soda removal, molybdenum d i s u l f a t e ,  ammonium ch lo r ide ,  carbon 
black and o the r  dus t  as W e l l  as l i q u i d  ae roso l  agglomeration. The most thorough and 
o f t en  quoted work was done by Mednikov C151, and o the r  i n  Russia i n  t h e  1960's.  
More recent  work by Volk C16.171 i n  t h e  United S t a t e s  a t  Penn S t a t e  Univers i ty  h a s  
shown s i g n i f i c a n t  agglomeration of carbon b lack ,  white  l ead ,  kaol in  c l ay  and f l y  ash 
dus t s  a t  r a the r  modest a C O U S t i C  l e v e l s ,  between 100 and 120 dB wi th  f requencies  i n  
t h e  1000 t o  6000 Hz range, r ep resen ta t ive  d u s t  loadings  between 0.5 t o  2 gm/m3, a n d  
exposure times vary ing  from 10 t o  40 seconds. Sco t t  [ l e ] ,  i n  Canada performed v e r y  
i n t e r e s t i n g  and important s t u d i e s  on t h e  e f f e c t  of nonlinear acous t i c  effects on 
agglomeration. Shaw E19 - 201, and h i s  a s s o c i a t e s  a t  t h e  S t a t e  Univers i ty  of New 
York a t  Buffalo have performed r e sea rch  of both a t h e o r e t i c a l  and experimental  
na ture  on a c o u s t l c  agglomeration w i t h  spec ia l  emphasis on the phenomena of 

Observations i n d i c a t e  t h a t  c u r r e n t l y ,  approximately 501 of t h e  p a r t i c l e s  
T h i s  f a c t  appears to be 

Notable among the  e a r l y  s t u d i e s  is t h e  work of 

Of much i n t e r e s t  is t h e  work of Neumann, 
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a c o u s t i c a l l y  induced turbulence  at very h igh  l e v e l s  of a c o u s t i c  i n t e n s i t i e s  and a l s o  
t h e  e f f e c t s  of a c o u s t i c a l l y  induced shock waves. 
l a s t  two years under t h e  au thors  d i r e c t i o n ,  has not been a b l e  t o  i d e n t i f y  such high 
a c o u s t i c a l l y  generated turbulence  l e v e l s  under similar condi t ions .  Th i s  important 
sub jec t  w i l l  be d iscussed  i n  t h e  paper. On the  o the r  hand, very e f f e c t i v e  
agglomeration of submicron s i zed  p a r t i c l e s  of f l y  a sh  a t  f l u e  temperatures was 
obtained by us wi th  similar acous t i c  l e v e l s  of 155-165 d B  but  a t  f r equenc ie s  i n  t h e  
2500 Hz range and exposure t imes of about 4 seconds. The d e t a i l s  of t hese  
experiments and the  t h e o r e t i c a l  foundation w i l l  a l s o  be discussed i n  t h i s  paper. 

Recent very success fu l  demonstrations of t h e  h igh  e f f i c i e n c i e s  that can be 
achieved wi th  combined cyc le  gas turbine-steam t u r b i n e  power p l an t s  using 
pressur ized ,  f l u i d i z e d  bed coa l  combustion heat sources have shown t h a t  gas t u r b i n e  
l i f e  is severe ly  l imi t ed  because even t h e  most e f f i c i e n t  a v a i l a b l e  hot clean-up 
devices cannot remove t h e  small  e ros ive  p a r t i c l e s  from t h e  6 t o  10 atmosphere, 
1600OF gas streams. Acoustic agglomeration i n  conjunction w i t h  high e f f i c i e n c y  
cyclone t r a i n s  appears  t o  be t h e  only v i ab le  means of making t h i s  promising new 
power p l an t  concept f e a s i b l e .  We must a l s o  mention t h e  acous t i c  agglomeration 
experiments conducted by the  Braxton Corporation [22]  i n  1974 which d i d  no t  g ive  
good results. In  f a c t ,  e s s e n t i a l l y  no agglomeration was experienced i n  t h i s  r a t h e r  
l a r g e  s c a l e  f a c i l i t y .  These tests which were supported by EPA, were performed a t  a 
frequency of 366 Hz and i n t e n s i t i e s  of 165 dB.  Redispersed cupola dus t  of about 4 
ym mean s i z e  and f l y  a sh  of about 6 mean s i z e  were used a s  dus ts .  The r e s u l t s  of 
our research  and Dr. Shaw's work c l e a r l y  show that for t h e  type  and s i z e  of dus t  
used, f requencies  on t h e  order  of 2500 Hz and 3000 Hz provide  optimum agglomeration. 
I t  i s ,  t he re fo re ,  no t  s u r p r i s i n g  that very poor r e s u l t s  were obta ined  by the Braxton 
experiments.  

both the  t h e o r e t i c a l  and the p r a c t i c a l  a spec t s  of acous t i c  agglomeration. 

acous t i c  agglomeration of  f l y  a s h  can be accomplished ye t  further r e sea rch  is 
requi red  on seve ra l  important acous t i c  and coagulation phenomena before  l a r g e  s c a l e  
demonstration of t h e  t echn ica l  and economic v i a b i l i t y  of t he  process can be 
accomplished. Th eowrk repor ted  has  been supported by t h e  P i t t sbu rgh  and Horgantown 
Energy Technology c e n t e r s  of the  U.S. Department of Energy. 

Research a t  Penn S t a t e  over  t h e  

From these  in t roductory  remarks i t  is apparent t h a t  much work has  been done on 

The research  results t o  date a t  Penn S t a t e  Univers i ty  show conclus ive ly  t h a t  

THE FUNDAMENTALS OF ACOUSTIC AGGLOMERATION OF SMALL PARTICULATES 

L e t  u s  consider a polydisperse  ae roso l  cons i s t ing  of submicron and micron sized 
p a r t i c l e s .  The mean sepa ra t ion  d i s t ance  between p a r t i c l e s  would t y p i c a l l y  be about 
100 microns. Brownian movement of t h e  p a r t i c l e s  is capsed by the  c o l l i s i o n  of t h e  
thermal ly  a g i t a t e d  a i r  molecules with t h e  p a r t i c l e s .  Also any convection c u r r e n t s  
or tu rbulence  i n  t h e  c a r r i e r  gas w i l l  of course  cause  t h e  p a r t i c l e s  t o  be p a r t i a l l y  
en t ra ined  and moved i n  the  a i r .  If we next  impose an acous t i c  f i e l d  of acous t i c  
pressure  p ,  t he  a c o u s t i c  v e l o c i t y  u w i l l  be given by 

where po is the  a i r  dens i ty  and c is the speed of sound i n  t h e  a i r .  
acous t i c  sound pressure  l e v e l  of 160 dB the acous t i c  ve loc i ty  w i l l  be about 5 m/sec 
(for 150 dB the  acous t i c  v e l o c i t y  w i l l  d rop  t o  0.5 m/sec, on t e n t h  t h i s  va lue ) .  For 
a t y p i c a l  acous t i c  frequency of 2000 Hz a f u l l y  en t ra ined  p a r t i c l e  m i g h t  f l i t  back 
and f o r t h  2000 times a second over a d i s t ance  of about 600 urn. 
Newton's second law t o  a sphe r i ca l  p a r t i c l e  equat ing  t h e  p a r t i c l e  mass times its 
acce le ra t ion  t o  t h e  Stokesian or viscous  drag  f o r c e s  

For a t y p i c a l  

Let us next  apply 
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where up is t h e  p a r t i c l e  v e l o c i t y ,  p p  t h e  p a r t i c l e  dens i ty ,  dp the  p a r t i c l e  diameter ug 
the  gas ve loc i ty ,  LI t h e  gas dynamic v i scos i ty  and T t h e  p a r t i c l e  r e l a x a t i o n  time. The 
p a r t i c l e  Reynolds number f o r  these cond i t ions  is r a t h e r  low in t he  range  2-10. Solu t ion  
of equation ( 2 )  wi th  ug = Ug sin(wt-4) where w is t h e  a c o u s t i c  frequency and t is t ime is 
of t h e  form 

where n p  is t h e  entrainment f a c t o r  of t h e  p a r t i c l e  and $ is t h e  phase angle  between 
p a r t i c l e  and gas motion. The f a c t o r  np is then  given by 

nP = l/(l+w2,2)Y 4 )  

For a p a r t i c l e  dens i ty  of 2300 kg/m3 corresponding t o  

For each of t h e  

Thus fo r  n 
t he  par t icye  s tands  still. 
f l y  ash d u s t  and f r equenc ie s  of 500, 1000 2000, 5000, 10.000 Hz, t h e  entrainment 
f a c t o r  qP is p l o t t e d  f o r  var ious  p a r t i c l e  diameters i n  F igure  3. 
frequencies t h e r e  is a c u t  p a r t i c l e  s i z e  below which p a r t i c l e s  a re  almost f u l l y  
en t ra ined .  For example, f o r  t h e  2000 Hz case  t h e  c u t  p a r t i c l e  s i z e  is about 4.5 pm. 
The l a rge  p a r t i c l e s  compared t o  t h e  c u t  s i z e  a r e  e s s e n t i a l l y  s t i l l ,  t h e  small 
p a r t i c l e s  a r e  moving through l a r g e  d isp lacementscol l id ing  w i t h  t h e  l a r g e  p a r t i c l e s ,  
adhering the  these  p a r t i c l e s  because of t he  l a r g e  Van d e r  Waal fo rces .  In a slowly 
convecting f i e l d  we can ,  t h e r e f o r e ,  t h ink  of t h e  l a rge  p a r t i c l e s  a s  c leaning  ou t  the  
smal l  p a r t i c l e s  thereby  gene ra t ing  empty spaces.  
unanswered ques t ions  i n  t h i s  f i e l d  has  been how t h e  r e f i l l  of these  swept o u t  
volumes occurs?  Every inves t iga to r  i n  t h i s  country and abroad has assumed e i t h e r  
e x p l i c i t l y  or t a c i t l y  t h a t  t h e  swept out volume would be r e f i l l e d  in j u s t  one cyc le  
without g iv ing  a j u s t i f i c a t i o n .  Penn S t a t e ' s  most r e c e n t  agglomeration a n a l y t i c a l  
model a l s o  is based on t h i s  premise and, a s  v i11  be shown l a t e r ,  g ives  good 
agreement between o u r  measurements and p red ic t ion .  

d r i f t i n g  spheres  a t  Reynolds numbers from 0-10. The i n t e r a c t i o n  of flow f i e l d s  
between two moving s p h e r i c a l  p a r t i c l e s  of unequal s i z e  r equ i r ed  the  so lu t ion  of t h e  
uncoupled Navier S tokes  Equations using 5 th  and 6 th  order Runge-Kutta-Verner method 
and applying exper imenta l ly  obtained express ions  f o r  t h e  drag  c o e f f i c i e n t  as a 
func t ion  of Reynolds number. Typical r e s u l t s  are shown i n  F igure  6 f o r  a 10  micron 
and a 1 micron p a r t i c l e  exposed t o  an acous t i c  f i e l d  of 150 dB a t  2500 Hz f o r  
s eve ra l  a c o u s t i c  cyc le s .  
is  shown a t  t he  o r i g i n  of t h e  p l o t .  
d i f f e r e n t  (one  a t  t he  time) p a r t i c l e s  en te r ing  from t h e  r i g h t  s i d e  a r e  shown w i t h  
each l i t t l e  c i r c l e  dep ic t ing  t h e  p a r t i c l e  a f t e r  each acous t i c  cyc le .  
spac ing  between l i t t l e  c i r c l e s  along a t r a j e c t o r y  t h e  l a r g e r  t h e  ve loc i ty .  
important conclus ion  t o  be drawn 13 t h a t  t h e  flow P i e l d  around t h e  l a r g e  p a r t i c l e  
causes the  small p a r t i c l e s  which a r e  v e r t i c a l l y  h igher  t han  10 microns t o  assume a 
S ign i f i can t  or thogonal  ve loc i ty  t o  t h e  acous t i c  ve loc i ty  thereby  being a b l e  t o  
r e f i l l  the  swept -c lear  volumes. 
microns du r ing  each cyc le  a s  shown in Figure 5. 
phenomenon exp la ins  about 85% of the  r e f i l l ,  t h e  r e s t  r e s u l t i n g  from g rav i t a t iona l  
and tu rbu len t  d i f f u s i o n  processes.  

modest s i ze s  are s u f f i c i e n t l y  robust t o  withstand t h e  r i g o r s  of the  flow through 
cyclones and e l e c t r o s t a t i c  p r e c i p i t a t o r s .  The r e sea rch  is  based on experimental  

= 1 f u l l  entrainment occurs  and for  n p  - 0 no entrainment occurs  meaning 

One of the long Standing 

We r e c e n t l y  completed an a n a l y t i c a l  i nves t iga t ion  of t h e  flow f i e l d  near  slowly 

The 120 micron p a r t i c l e  remains e s s e n t i a l l y  s t a t i o n a r y  and 
The t r a j e c t o r y  of t h e  c e n t r a l  pos i t i on  of 9 

The l a r g e r  t he  
The 

Actually the  p a r t i c l e s  sweep through about 250 
O u r  c a l cu la t ions  show t h a t  t h i s  

In a s epa ra t e  i n v e s t i g a t i o n  we have determined t h a t  t h e  agglomerates up t o  

136 





r e s u l t s  w i th  i n e r t i a l  s epa ra t ion  devices  ( impactors )  and comparing t h e  experienced 
shear stresses i n  impactors  as determined from theory ,  with t h e  shear stresses 
expected i n  cyclones.  

A f u r t h e r  experimental  i nves t iga t ion  has  e s t ab l i shed  t h a t  acous t i ca l ly  
generated turbulence  a t  t h e s e  high acous t i c  i n t e n s i t i e s  is not  the  dominant 
mechanism of agglomeration and that the a c o u s t i c  v e l o c i t i e s  as explained e a r l i e r  are 
the primary k i n e t i c  sources .  

agglomeration processes  using these j u s t  mentioned advances i n  our knowledge. The 
p r inc ipa l  mechanism is t h e  o r t h o k i n e t i c  process  inc lud ing  a l s o  Brownian movement and 
s e v e r a l  o the r  f a c t o r s .  The code is in  e f f e c t  a s imula t ion  of t h e  agglomeration 
process .  The i n i t i a l l y  l o g  normally d i s t r i b u t e d  p a r t i c l e  s i z e  d i s t r i b u t i o n  is 
d iv ided  i n t o  a number (75)  of p a r t i c l e  s i z e  ranges.  A s  p a r t i c l e s  w i th in  ranges and 
p a r t i c l e s  from one range  c o l l i d e  w i t h  p a r t i c l e s  from another range, t h e  code moves 
the agglomerated p a r t i c l e s  i n t o  t h e  range conta in ing  p a r t i c l e s  of t h e  p a r t i c u l a r  
agglomerate s i z e .  The code assumes t h a t  a l l  c o l l i s i o n s  r e s u l t  in agglomerations and 
that  no break-up of agglomerates occur. Furthermore, t h e  r e s u l t s  of seve ra l  o ther  
e a r l i e r  i n v e s t i g a t i o n s  performed by us are included i n  t h e  model. For example; the  
r e s u l t s  of our f r a g i l i t y  s tudy  permit us t o  exclude f r a c t i o n a l  agglomerate 
break-ups; the a c o u s t i c a l l y  generated turbulence  s t u d i e s  permit us t o  cons ider  only 
acous t i c  ve loc i ty  caused aerodynamic flow f i e l d ;  our  r ecen t  r e s u l t s  wi th  t h e  f l u i d  
mechanics of t he  f low near sphe res  a t  low Reynold's numbers permit us t o  assume that 
r e f i l l  of swept ou t  volumes occurs  wi th in  j u s t  a very few o s c i l l a t o r y  periods.  A 
t y p i c a l  r e s u l t  is given i n  F igure  6 comparing experimental  r e s u l t s  from impactor 
measurements w i t h  o w  pred ic t ion .  The agreement is indeed most encouraging. What 
is a l s o  ev iden t  from t h i s  one example is t h a t  indeed we do ob ta in  very s i g n i f i c a n t  
agglomeration; i n  f a c t  the p a r t i c l e s  smal le r  than 6 microns a r e  e s s e n t i a l l y  
e l imina ted .  More on  t h e  mat te r  l a t e r .  We must point o u t ,  however, that the 
agreement between our i dea l i zed  model and experiment is not a s  good for higher 
a c o u s t i c  i n t e n s i t i e s  and longer time exposures.  We a r e  cont inuing  our r e sea rch  
toward improving the model. 

W e  have r e c e n t l y  developed a computer code for t h e  s imula t ion  of t h e  

DESCRIPTION OF THE 70OnF ACOUSTIC AGGLOMERATOR 

We have developed and used seve ra l  acous t i c  agglomerators over t h e  pas t  11  
years t h a t  w e  have been working i n  t h i s  f i e l d .  We are descr ib ing  here t h e  c u r r e n t l y  
ope ra t ing  a tmospher ic  p re s su re  agglomerator which permits temperatures up t o  700°F, 
sound pressure  l e v e l s  from 130-165 dB, sound f r equenc ie s  from 1000-4000 Hz, dus t  
loadings  from 2 gr/m3 t o  30 gr/m3, flow r a t e s  from 0.4 t o  4 f t / s e c  i n  t h e  8 f o o t  
long  agglomeration s e c t i o n .  Noise exposure s i n e s  t h e r e f o r e  range from 2 seconds t o  
20 seconds. 

The agglomerator is shown i n  t h e  p a r t i a l  s e c t i o n a l  view i n  Figure 7 and t h e  
system is shown i n  F igu re  8. S t a r t i n g  from t h e  l e f t  we have t h e  600 acous t i c  watt  
s i r e n  designed and b u i l t  a t  Penn S t a t e .  Compressed a i r  13 provided by a Roots-type 
blower. Pressure  t o  t h e  s i r e n  is con t ro l l ed  by means of a bypass valve.  We note  
that the  s i r e n  is a c o u s t i c a l l y  coupled t o  t h e  8-inch i n t e r n a l  diameter agglomerator 
chamber by an exponent ia l  type  acous t i c  coupler.  The 9.25 inch  long  t u b u l a r  s e c t i o n  
h a s  1 6  - 0.5 inch diameter exhaust ho les  f o r  t he  s i r e n  a i r .  
t r anspa ren t  b a r r i e r  prevents t h e  cold s i r e n  a i r  from flowing i n t o  t h e  heater sec t ion .  
The shee t  of fe l ted,  woven and s i n t e r e d  s t a i n l e s s  s t e e l  has a flow r e s i s t a n c e  of 110 
MUS r a y l s  g iv ing  an acous t i c  t ransmiss ion  l o s s  of only 4 dB. By au tomat ica l ly  
c o n t r o l l i n g  t h e  p re s su re  drop  ac ross  t h e  b a r r i e r  t o  about 1 inch of water,  we are 
a b l e  t o  minimize c o l d  s i r e n  a i r  flow i n t o  t h e  agglomeration chamber. 
ob ta ined  by an au tomat i ca l ly  con t ro l l ed  damper valve i n  the  f i n a l  exhaust s e c t i o n  of 
t h e  system. 
pressuresensor  which i n  t u r n ,  through appropr i a t e  e l e c t r o n i c s ,  c o n t r o l s  t he  s t epp ing  
motor ac t iva t ed  damper valve.  

The a c o u s t i c a l l y  

Control is 

We s e n s e  t h e  pressure  drop by means of a Valedyne d i f f e r e n t i a l  

A s l u i c e  type ga te  valve is i n s t a l l e d  as noted t o  
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Figure 7. Moderate Temperature Acoustic Agglomerator 

Figure 8 . Final Setup of Moderate Temperature Acoustic Agglomerator 
Facility 
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prevent hot a i r  backflow dur ing  the  many hours  of heater-only time t o  reach t h e  
desired system temperature.  

The 7.25 j acke ted ,  water cooled s e c t i o n  prevents heat conduction t o  t h e  s i r e n  
system thus p ro tec t ing  t h e  wooden horn and s i r e n  from over-temperature. 
s e c t i o n  c o n s i s t s  o f  a 1 4  inch  schedule 40 p ipe  wi th  150 l b .  f l anges  welded t o  each 
end. s i x  Chromolox Model KSEF-Koilfin e l e c t r i c  hea t ing  elements genera te  18.6 KW of 
hea t ing  power which is t r a n s f e r r e d  t o  the  a i r f low by convection. The s y s t e m  can be 
cyc led  a t  3 Hz holding t h e  temperature wi th in  j u s t  a few degrees.  A i r  ve loc i ty  over 
the hea te r s  is 10 f t / s e c .  t o  maintain proper hea t ing  element temperatures.  System 
schematic diagram F igure  10 shown t h e  Roots-type blower w i t h  bypass flow con t ro l  and 
o r i f i c e  meter flow sensor providing the hea t ing  a i r  t o  the  system. Only about  10% 
to 20% of t h e  heated a i r  a c t u a l l y  e n t e r s  t h e  agglomerator through 24-1/8 inch  
diameter angled ho le s .  An ad jus t ab le  s l eeve  Valve c o n t r o l s  t h e  exposure o f  these  
holes. The excess hot  a i r  is then passed through t h e  bypass cont ro l  valve i n t o  t h e  
a e r o s o l  d i s t r i b u t i o n  s e c t i o n  t o  hea t  t h e  ae roso l  t o  t h e  gas  temperature.  F ina l ly  
t h e  hot air  is exhausted t o  t h e  out-of-doors. The aerosol  concent ra te  d i s t r i b u t i o n  
system is a t tached  t o  the  hea te r  f l ange  a s  shown in Figure 7. Four equal l eng th  
copper tubes  from t h e  ae roso l  manifold a r e  connected t o  t h e  four  90" spaced holes on 
the 8 inch diameter tube.  

The ae roso l  genera tor  is a simple p la ted  s tandard  a s p i r a t o r  of  the  type  used i n  
l a b o r a t o r i e s  t o  o b t a i n  a vacuum source from a water supply.  I t  is modified by 
removing t h e  o r i g i n a l  vacuum l i n e  attachment and is connected t o  a c y l i n d r i c a l  g lass  
t ube  as t h e  r e s e r v o i r  f o r  t h e  dust.  A pulse of a i r  t r a v e l i n g  through the a s p i r a t o r  
c r e a t e s  a s h o r t  time dura t ion  low pressure  which causes  a con t ro l l ed  amount of  d u s t  
from the  r e s e r v o i r  t o  be sucked down t h e  p ipe  l i n e  and i n t o  the  agglomeration 
chamber. The pulsed a i r  is produced by pass ing  t h e  compressed a i r  through a 
so lenoid  va lve .  The time t h a t  t h e  a i r  is permi t ted  t o  flow through t h e  a sp i r a to r  
( p u l s e  time) and t h e  pulse  frequency a r e  con t ro l l ed  by a Pulse/Lapse Timer connected 
t o  the  so lenoid  v a l v e .  

i nch  gooseneck sampling probe is l oca t ed  in t h e  end of  t h e  sec t ion .  I sok ine t i c  
samples were drawn by t h e  RAC Staksampler i n t o  an Anderson M a r k  I11 pa r t i c l e - s i z ing  
s t a c k  impactor w h i c h  is designed f o r  use up t o  150O0F. The impactor c o n s i s t s  of a 
series o f  p l a t e s  w i t h  a number of ho les  arranged as shown i n  Figure 9 .  The holes 
a r e  d isp laced  on success ive  p l a t e s  so t h a t  a gas stream, a f t e r  going through the  
ho le s  i n  a p l a t e ,  impacts a su r face  and must make a sha rp  tu rn  t o  e n t e r  t h e  holes i n  
the next p l a t e .  The impactor opera tes  on t h e  theory  t h a t  a t  each s t a g e  smal le r  
p a r t i c l e s  flow w i t h  t h e  a i r  s t ream during t h e  sha rp  tu rn ;  l a rge r  p a r t i c l e s ,  due t o  
their  g rea t e r  i n e r t i a ,  w i l l  go  s t r a i g h t  t h e  depos i t  on t o  t h e  p l a t e .  A s  shown i n  
F igu re  9 each p l a t e  has ho le s  smaller than t h o s e  i n  t h e  previous p l a t e  and, 
t he re fo re ,  t h e  v e l o c i t y  inc reases  a t  each s t a g e ,  depos i t i ng  p a r t i c l e s  of g iven  s i z e  
r anges  a t  each l e v e l .  A f i n a l  f i l t e r  c o l l e c t s  any p a r t i c l e s  which remain a f t e r  t h e  
las t  p la te .  A g l a s s  f i b e r  s u b s t r a t e  w i t h  p roper ly  loca t ed  cu touts  is placed on each 
S tage  as the c o l l e c t i o n  medium. Each s u b s t r a t e  is  weighed bePore and a f t e r  exposure 
t o  determine t h e  mass of p a r t i c l e s  of each s i z e  c o l l e c t e d ;  and i t  is dehydrated 
be fo re  weighing to e l imina te  the  f a c t o r  of  t h e  weight of moisture.  
P a r t i c l e  d iameters  t ha t  w i l l  c o l l e c t  on a p l a t e  a t  each s t a g e  is determined by the  
ae roso l  f low r a t e  through t h e  impactor. 

ae roso l  be ing  t e s t e d .  

agglomeration t u b e  is covered completely wi th  2 inch  t h i c k  thermal i n s u l a t i o n  
(Calcium S i l i c a t e  or Epytherm) and aluminum s h e e t i n g  t o  reduce heat loss, increase  
acous t i c  t ransmiss ion  l o s s  and reduce temperature g rad ien t s  in t h e  tes t  s e c t i o n .  

The acous t i c  pressure  sensors  were a t tached  t o  small  water jacke ted  coolers  
which were screwed i n t o  t h e  hot agglomeration chamber pipe wall t o  provide 
p ro tec t ion  from the high temperatures.  

The hea ter  

Agglomeration t akes  p l ace  i n  t h e  8 foo t  long ,  8 inch schedule 40 pipe.  A 1/2 

The range  of 

The impactors a r e  preheated i n  a small furnace  t o  t h e  temperature of t h e  

The p ip ing  from the  upstream hea ter  f l ange  t o  t h e  end of the  8 foot  
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Figure 9 Schematic of Impactor Stage 

Dp vs X MASS 

1.1 10.0 1m.0 
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Because of t h e  importance of  the sound source i n  terms of i t s  o v e r a l l  
e f f i c i ency ,  r e l i a b i l i t y  and c o s t ,  we sha l l  desc r ibe  t h e  s i r e n  design i n  somewhat 
g r e a t e r  detai l .  Be fo re  dec id ing  on t h e  s i r e n  as a ve ry  promising sound source ,  we 
inves t iga t ed  s e v e r a l  o the r  p o t e n t i a l  high a c o u s t i c  sound p res su re  sources .  Hartmann 
Whist les  ( g e n e r a t o r s )  provide e f f i c i e n c i e s  of about 5%. A i r  powered, e l e c t r i c a l l y  
d r iven  o s c i l l a t i n g  s l e e v e  va lve  type  d r i v e r s  a r e  on t h e  market with a c o u s t i c  ou tpu t s  
i n  t he  2 KW t o  40 KW range. Their e f f i c i e n c i e s  a r e  i n  t h e  8% t o  10% range. These 
l a t te r  sound sources  can provide the broad band sound required i n  t h e  acous t i c  
f a t i g u e  test  i n s t a l l a t i o n s  f o r  which they were designed. General ly ,  they are not  
designed for  long l i f e  app l i ca t ions .  These sources  work a t  considerably lower 
frequencies  than needed f o r  a c o u s t i c  agglomeration. Another well-known h i g h  power 
sou rce  is t h e  S t .  Clair  generator  which is b a s i c a l l y  a resonant  cy l inde r  v i b r a t i n g  
i n  a n  axial mode. Kilowatt  range powers i n  t h e  1 t o  15 KHz range have been produced 
w i t h  ove ra l l  e f f i c i e n c i e s  i n  t h e  v i c i n i t y  of 6%. S i r e n s  have been shown to  be t h e  
on ly  sound source which promises t o  provide t h e  high o v e r a l l  e f f i c i e n c i e s  of from 50 
t o  60% required f o r  economically v i a b l e  a c o u s t i c  agglomerators i n  power p l a n t  
app l i ca t ions .  Also, properly designed s i r e n s  o f f e r  t h e  promise of t h e  r equ i r ed  long 
l i f e ,  high r e l i a b i l i t y ,  low o p e r a t i n g  c o s t s  and r e l a t i v e l y  low i n i t i a l  cos t  compared 
t o  o the r  systems.  

They have f r equenc ie s  i n  t h e  250-500 Hz range and produce acous t i c  power i n  the  
100-1000 watt range and are no t  very e f f i c i e n c y  sound producers.  We have, 
t he re fo re ,  developed t h e  technology t o  design high e f f i c i e n c y  r e l i a b l e  s i r e n s .  O u r  
work is  b u i l t  on a founda t ion  of research a t  Penn S t a t e  i n  t h e  1950's ,  some recen t  
exce l l en t  work i n  Poland,  Russia  and i n  Japan. The s i r e n  used i n  t h i s  r e sea rch  
develops about  600 a c o u s t i c  watts i n  t h e  des i r ed  frequency range g iv ing  us sound 
p res su re  l e v e l s  i n  t h e  8 inch  duct up t o  165 dB. Almost a l l  t h e  energy is contained 
i n  t h e  fundamental f requency.  

Recent Experimental Resu l t s  

Almost a l l  commerical s i r e n s  a r e  used for f i r e  and a i r  r a i d  warning systems. 

The agglomerator has performed r e l i a b l y  and t h e  r e s u l t s  were q u i t e  r epea tab le .  
We have used a processed f l y  ash dus t  cons i s t ing  p r imar i ly  of  S i l i c a ,  Alumina and 
I r o n  Oxide p a r t i c l e s .  A t y p i c a l  set of r e s u l t s  i n  shown i n  Figure 10 for a dust  
l oad ing  of about 2 g r / d  and an exposure t ime of 10 seconds.  
t h e  maximum agglomeration for t h i s  dens i ty  of dust  and t h i s  p a r t i c u l a r  s i z e  
d i s t r i b u t i o n  does occur  nea r  t h e  p red ic t ed  value of 2500 Hz wi th  c l e a r l y  less 
agglomeration a t  1290 Hz. E a r l i e r  experiments w i t h  heavier  white l e a d  dus t  followed 
p red ic t ion  and gave a n  optimum frequency of about 1500 Hz. 

The results show t h a t  

Space l i m i t a t i o n s  do no t  permit to  show t h e  f u l l  range of parametr ic  e f f e c t s .  

CONCLUSIONS 

Our t h e o r e t i c a l  and experimental  work has shown conclusively that a c o u s t i c  
agglomeration does result i n  s h i f t i n g  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  from submicron 
Sizes into t h e  10 micron and above s i z e  range. I n  order t o  achieve t h e  des i r ed  150 
to  160 dB s p e c i f i c  a c o u s t i c  powers of  from 0.1 t o  1 watt/cm2 are requ i r ed  for plane 
wave Propagation and less than  t h a t  fo r  s t and ing  wave chambers. 

We have reached an understanding of t h e  fundamental processes  and an a b i l i t y  t o  
model the process  pe rmi t t i ng  us  t o  perform approximate t rade-off  s t u d i e s  for var ious 
clean-up t r a i n  s t r a t e g i e s  invo lv ing  var ious types  of clean-up devices  a t  d i f f e r e n t  
l oca t ions  i n  t h e  system. For example, a ho t  gas clean-up system c o n s i s t i n g  of a 
p re s su r i zed ,  f l u i d i z e d  bed coa l  burner producing 10 atmospheres, 1650OF gas w i t h  a 
load ing  of 10,000 p a r t s  per mi l l i on  by weight w i t h  a p a r t i c u l a r  s i z e  d i s t r i b u t i o n  
followed by a Stairmand cyclone,  an acous t i c  agglomerator which is followed by a 
high e f f i c i ency  Van Tongeren cyclone. To meet t h e  r equ i r ed  25 ppmw dust  l oad ing  
requirement we p r e d i c t  exposure times of 9 seconds a t  155 dB, 5 seconds a t  160 dB 
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and 3 seconds a t  165 dB. 
chambers and high acous t i c  i n t e n s l t i e s  r e q u i r e  more power from t h e  power p l an t  C o s t  
t r a d e  of f  opt imizat ion s t u d i e s  can be performed. 
t h a t  t h e  power r equ i r ed  t o  ope ra t e  t h e  a c o u s t i c  agglomeration system is about 0.02 
t o  0.51 of t he  power plant  output .  
anywhere from 50 KW t o  1250 KW for t h e  a c o u s t i c  agglomeration system. A t  50% o v e r a l l  
e f f i c i e n c y  t h e  acous t i c  power would range from 25 KW t o  625 KW. 
l a r g e  acous t i c  powers when compared t o  t h e  a c o u s t i c  power output  of a 4 engine 
commercial j e t  a i r c r a f t  of about 36 KW on take-off .  

We a r e  continuing our r e sea rch  w i t h  U.S. Department of Energy support  t o  
f u r t h e r  improve our understanding of seve ra l  important a spec t s  of acous t i c  
agglomeration such as acous t i c  energy absorpt ion by hot gases and l a r g e  p a r t i c l e  
concen t r a t ions ,  nonl inear  a c o u s t i c  phenomena, output  and e f f i c i e n c y ,  t h e  e f f e c t  of 
acous t i c  agglomeration chamber geometry on t h e  acous t i c  f i e l d .  We a r e  a l s o  involved 
in s e v e r a l  other  app l i ca t ions  of a c o u s t i c  agglomeration for dus t  con t ro l .  

Since long exposure t imes mean l a r g e  agglomeration 

A s  a general  s t a t emen t ,  w e  can say  

For a 250 megawatt power plant  we would need 

These a r e  very 
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ABSTRACT 

P i l o t  p lan t  t e s t s  have been conducted t o  evaluate the  e f f e c t s  o f  magnesium and 
c h l o r i d e  ions on system performance o f  1 imestone-regenerated dual a1 ka l  i processes 
under closed-loop operat ing cond i t i ons .  It was found t h a t  l imestone r e a c t i v i t y  and 
s o l i d s  dewatering p roper t i es  a r e  ve ry  s e n s i t i v e  t o  magnesium i o n  concentrat ions.  
t o t a l  magnesium i o n  concentrat ion should be mainta ined below 1000 ppn f o r  
s a t i s f a c t o r y  pe r fonance  under normal operation. A model which assumes compe t i t i ve  
sur face adsorpt ion o f  ca lc ium and magnesium ions  was used t o  i n t e r p r e t  the data. 
Limestone r e a c t i v i t y  and s o l i d s  dewatering p roper t i es  decreased w i t h  the increase of 
c h l o r i d e  i o n  concentrat ion. 
s i g n i f i c a n t  u n t i l  t h e  concen t ra t i on  reached 80,000 ppm. 

INTRODUCTION 

The 

However, the e f f e c t  o f  c h l o r i d e  i o n  accumulation was no t  

Sodium-based dual a l k a l i  (DA) f l u e  gas d e s u l f u r i z a t i o n  (FGD) processes have the  
features o f  c l e a r  s o l u t i o n  scrub i g, h igh  SO2 removal e f f i c i e n c y ,  low l i q u i d - t o - g a s  
(L/G) r a t i o  and h i s h  r e l i a b i l i t J 1 7 .  Recent t e s t i n g  has demonstrated the  f e a s i b i l i t y  
o f  using l imestone instead of l i m e  f o r  scrubbing l i q u o r  r e  e e r a t i o n  which makes DA 
processes more compet i t ive w i t h  s l u r r y  scrubbing processesq2r. 

absorbent f o r  SO2 removal, c losed water loops a re  des i red t o  min imize the sodium 
makeup requirements. 
l eav ing  the FGD system i s  through evaporat ion and f i l t e r  cake mois ture)  a l so  promotes 
the b u i l d u p  o f  so lub le s a l t s  i n  the r e c i r c u l a t i n g  scrubbing l i q u o r .  The pr imary 
sources o f  so lub le s a l t s  i nc lude  makeup water, reagents, and f l u e  gas. Prev ious 
f i n d i n q s  i n d i c a t e  t h a t  the accumulation o f  so lub le  s a l t s ,  e s p e c i a l l y  c h l o r i d e  ions, 
can have s i g n i f i c a n t  e f f e c t s  on sys em hemist ry  and scrubber pe r fonance  of 
l ime/ l imestone s l u r r y  FGD p r o c e s s e ~ f ~ * ~ f .  The most s i g n i f i c a n t  e f f e c t s  observed 
inc lude  decreases o f  e q u i l i b r i u m  pH, SO2 removal e f f i c i e n c y ,  and s o l i d s  s e t t l i n g  
r a t e ,  and increase i n  gypsum sca l i ng  p o t e n t i a l .  

the impacts o f  c losed- loop operat ion,  a se r ies  o f  p i l o t  p l a n t  t e s t s  was conducted 
under the sponsorship o f  U.S. Environmental P ro tec t i on  Agency's (EPA) I n d u s t r i a l  
Environmental Research Laboratory  i n  Research T r iang le  Park, NC (IERL-RTP). The 
t e s t i n g  concentrated on evaluat ing the e f f e c t s  o f  magnesium and c h l o r i d e  ions s ince 
apprec iab le accumulations o f  so lub le  s a l t s  con ta in ing  these two species a re  expected 
i n  a l imestone DA system under c losed- loop opera t i ng  condi t ions.  

Since the l imestone DA process uses concentrated sodium s u l f i t e  s o l u t i o n  as t h e  

However, the c losed- loop opera t i on  ( i  .e., the o n l y  water 

I n  order  t o  broaden the data base o f  the l imestone O A  process and t o  evaluate 
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The cur ren t  t rend  i n  power p l a n t  design I S  t o  use p lan t  waste water (e.g., 
coo l i ng  tower blowdown) f o r  FGD system makeup. 
p r imary  i n g r e d i e n t s  o f  so lub le  s a l t s  which en ter  t h e  FGO system w i t h  p lan t  waste 
water. 
absorp t ion  o f  H C l  produced dur ing  t h e  coal conbust ion process. I n  a d d i t i o n  t o  makeup 
water,  l imestone i s  a l so  an important source of magnesium ions. I f  closed- loop 
opera t ion  i s  used, t he  d isso lved s a l t s  from e i t h e r  of the  above sources can b e  
concentrated t o  l e v e l s  which are cons iderab ly  h igher  than those present ly  observed i n  
most systems. T h i s  paper summarizes se lec ted  r e s u l t s  from t h e  p i l o t  p lan t  study o f  
t h e  l imestone OA process w i t h  t o t a l  magnesium i o n  concent ra t ion  up t o  2000 ppm and 
c h l o r i d e  i o n  concent ra t ion  t o  150,000 ppn. 

TEST FACILITIES 

Magnesium and ch lo r i de  a re  t h e  

Add i t iona l  c h l o r i d e  ions may e n t e r  t he  scrubbing l i q u o r  through the 

The IERL-RTP p i l o t  f a c i l i t i e s  i nc lude  a three-stage t r a y  tower w i t h  7.5 m3/min 
(approximately 0.1 MW) f l u e  gas c a p a c i t y  (F igure  1). 
g a s - f i r e d  b o i l e r  (no  f l y a s h  i s  present) .  
c o n c e n t r a t i o n  i n  t h e  f l u e  gas. Regeneration of spent scrubbing l i q u o r  i s  performed 
i n  the f o u r - t a n k - i n - s e r i e s  r e a c t o r  t r a i n  w i t h  a t o t a l  residence t ime o f  80 minutes. 
Limestone i s  fed t o  the  f i r s t  r e a c t o r  as 45% s l u r r y .  The feed r a t e  i s  manually se t  
as  requ i red  f o r  e i t h e r  pH o r  reac tan t  s to ich iomet ry  con t ro l .  
t h e  f o u r t h  r e a c t o r  as sodium makeup. Reactor e f f l u e n t  s l u r r y  f lows b y  g r a v i t y  t o  the  
t h i c k e n e r  centerwe l l .  C l a r i f i e d  l i q u o r  overflows from t h i c k e n e r  t o  the forward feed 
h o l d  tank from which i t  i s  pumped t o  the  t r a y  tower. 
used f o r  f u r t h e r  dewater ing o f  t h e  t h i c k e n e r  underf low so l i ds .  

U l t r a v i o l e t  spectrophotometry (OuPont 400 SO2 analyzer)  was used t o  mon i to r  the  
gas phase SO2 concent ra t ions  and SO2 removal e f f i c i e n c i e s .  The pH o f  scrubbing 
l i q u o r  i n  each r e a c t o r  was measured h o u r l y  dur ing  p i l o t  t es t i ng .  
p roper t i es  were charac ter ized  b y  ho ld  tank s l u r r y  s e t t l i n g  r a t e  and f i l t e r  cake 
inso lub le  s o l i d s  concent ra t ion .  Oeta i led  d s r i p t i o n s  o f  t he  t e s t  f a c i l i t i e s  and 
a n a l y t i c a l  procedures were repor ted  e a r l  ierP5F. 

EFFECTS OF MAGNESIUM IONS 

For the  study of magnesium i o n  (Mg2+) e f f e c t s  on the  system p e r f o n a n c e  o f  
l imestone dual a l k a l i  process, epsom s a l t  (MgS04-5H20) was added t o  ad jus t  the Mg2+ 
c o n c e n t r a t i o n  i n  t h e  scrubbing l i q u o r .  
es tab l i shed w i thout  the  a d d i t i o n  o f  epsom s a l t ;  t h e  steady-state concent ra t ion  o f  
Mg2' was 355 ppn. I n  subsequent t e s t s ,  a l l  opera t ing  cond i t ions  -- except f o r  Mg2' 
concent ra t ion  --were maintained constant;  t he  concent ra t ion  o f  Mg2+ was grad  a l l y  
increased b y  epsom s a l t  a d d i t i o n  t o  the  f i r s t  reac tor .  The maximum t o t a l  Mgj+ 
concent ra t ion  reached d u r i n g  t h i s  t e s t  ser ies  was 2000 ppn. The p r i n c i p a l  r e s u l t s  of 
these t e s t s  are l i s t e d  i n  Table 1. Summaries of l i q u o r  and s o l i d  analyses are  l i s t e d  
i n  Tables 2 and 3. 

The f l u e  gas i s  drawn from a 
Pure SO2 i s  i n j e c t e d  t o  achieve t h e  desired 

Soda ash i s  added t o  

A ho r i zon ta l  b e l t  f i l t e r  i s  

So l i d  dewatering 

The base case system perfonnance was 

E f f e c t s  o f  1000 ppn Mg2+ 

A comparison o f  r e s u l t s  obtained from run MG-1 w i t h  those from MG-2 i nd i ca ted  
t h a t  t he  most s i g n i f i c a n t  change observed w i t h  t h e  increase o f  t o t a l  Mg2+ 
concent ra t ion  u p  t o  1000 ppm i s  the  d e t e r i o r a t i o n  o f  s o l i d s  dewatering p roper t i es  as 
re f l ec ted  b y  the  decrease o f  i n s o l u b l e  s o l i d s  i n  the  f i l t e r  cake. The base case ( run  
MG-1) f i l t e r  cake contained 52% so l i ds ;  however, on l y  45% s o l i d s  was obtained i n  the  
f i l t e r  cake generated a t  1000 ppn t o t a l  Mg2+ concentrat ion.  

The ob jec t i ve  of 
t h i s  run  was t o  eva lua te  t h e  system performance w i t h  decreasing Mg2' concentrat ion.  
The mass balance ind i ca ted  t h a t  t he  t o t a l  Mg2+ concent ra t ion  should d r i f t  down t o  

NO magnesium s u l f a t e  was added t o  the  system f o r  run  MG-3. 

I 

146 



below 500 ppn. During the r u n ,  the total  Mg2+ concentration decreased from 1000 ppn 
t o  about 625 ppn toward i t s  end. A leak was discovered a t  the scrubber bleed/quench 
recirculation punp i n l e t  which introduced a i r  into the process stream and therefore 
caused high oxidation. The high oxidation, as confirmed by so l ids  analysis resu l t s  
in Table 3, was reflected by increases of the su l fa te - to-su l f i te  r a t io  to  above 2.5. 
After the a i r  leak problem was corrected,  the  su l fa te - to-su l f i te  r a t i o  decreased, but 
the t e s t  average was 2.4. 

Very s table  operation was maintained f o r  run MG-4 without magnesium su l f a t e  
addition with the total  Mg2+ concentration s tab i l iz ing  a t  about 350 ppn. The 
su l fa te - to-su l f i te  r a t io  decreased t o  2.0, the f i l t e r  cake inso l tb le  so l ids  reached 
53%, and the s lur ry  s e t t l i n g  r a t e  was 2.0 cm/min. 
case solids quali ty a n d  scrubber performance obtained from r u n  MG-1. 

The r e su l t s  confirmed the base 

Effects of 2000 ppn Mg 2+ 

Epsom s a l t  was then added t o  the f i r s t  reactor t o  ra ise  the Mg2+ concentration 
f o r  run  MG-5. 
de te r iora t ion  of f i l t e r  cake qua l i ty  when the total  Mg2+ concentration reached 1000 
ppn. 
concentration and confirmed the r e su l t s  observed during runs MG-1 and MG-2. 
a further increase of the Mg2+ concentration caused s igni f icant  changes in system 
performance. 
observed throughout the system. The SO removal efficiency a l so  decreased. F i l t e r  
cake quali ty deteriorated fur ther  t o  befow 40% insoluble solids.  The so l id s  se t t l i ng  
r a t e  a l so  began to drop. A t  2000 ppn total  Mgz+ concentration, a system upset w i t h  
non-settling so l ids  occurred. The sol ids  se t t l i ng  rate  dropped t o  below 0.1 cm/min, 
while only 28% insoluble sol ids  were obtained from the f i l t e r  cake. 
regenerated l iquor was 6.2 (base case pH was 6.6) and SO2 removal e f f ic iency  was 85% 
(base case removal efficiency was 92%). The solids content of s lu r r i e s  in the 
reactors reached 4.7% (base case so l ids  content was 2.1%) due t o  the so l ids  carryover 
in the thickener overflow. 

Results of Chemical Analysis 

and sol ids  analyses t o  characterize the system chemistry a t  various Mg2+ concentra- 
t ions.  Figure 2 shorn 
the  profile of total  Mg2+ concentration across the pi lot  plant system. A s l i g h t  d r o p  
of MgZt concentration was observed from the scrubber bleed hold tank'(V-102) to  the 
f i r s t  reactor (V-105), espec ia l ly  f o r  the high Mg2+ concentration runs. The concen- 
t r a t i o n  drop was not very s igni f icant  since the changes were wi th in558 (the range of 
experimental e r ro r ) .  Mag- 
nesium los t  i n  this manner i s  probably coprecipitated with calcium su l f i t e / su l f a t e .  

obtained when the total  Mg2+ concentration was increased from 1000 t o  2000 ppn. The 
scrubber bleed hold tank pH decreased from 6.3 t o  5.6 and the forward feed hold t a n k  
pH also decreased from 6.7 t o  6.2. 
was observed even a t  2000 ppn to t a l  MgZt concentration, indicating t h a t  the limestone 
dissolution was not completely stopped by increasing the Mg2+ concentration. 

The total  oxidizable su l fur  (TOS) and su l f a t e  ion concentrations a r e  shown in 
Figures 4 and 5,  respectively.  
were observed f o r  both species a t  the three Mgzt concentrations tes ted .  Figures 4 
and 5 confirm t h a t  the concentrations of important species, such as TOS and su l f a t e  
ion, were not  al tered by increasing the Mg2+ concentration by epsom s a l t  addition. 

No s ign i f icant  changes of system performance were observed except the 

The f i l t e r  cake insoluble so l ids  dropped from 53% t o  47% a t  1000 ppn t o t a l  Mg2+ 
However, 

When the to t a l  Mgzt concentration exceeded 1.500 ppn, pH decreases were 

The pH of the 

Several s e t s  of samples were taken from each reactor and hold tank f o r  l iquid 

Results of the chemical analyses are shown in Figures 2 t o  8. 

However, a magnesium loss  across the reactors i s  implied. 

The pH prof i le  i s  shown in Figure 3. A significant drop in the system pH was 

However, the increase of pH across the reactors 

Similar concentration leve ls  and concentration trends 
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Figure 6 shows the  t o t a l  a l k a l i n i t y  concentrat ions across the  system. Since the 
TOS concentrat ions were maintained a t  about the  same l e v e l s  f o r  a l l  runs (Figure 4 ) ,  
t h e  decrease o f  t o t a l  a l k a l i n i t y  when t o t a l  MgZt concent ra t ion  was increased from 
1000 t o  2000 ppn r e f l e c t s  the  pH drop caused b y  t h e  increase o f  magnesium i o n  
concentrat ions.  

and 8, r e s p e c t i v e l y .  
c a b o n a t e  p r o f i l e s  obtained a t  the  th ree  MgZt concentrat ions a re  very s im i la r .  

The calc ium i o n  (Ca2+) and t o t a l  carbonate concent ra t ions  a re  shown i n  Figures 7 
The concent ra t ion  l e v e l s  and the t rends  o f  Ca2+ and t o t a l  

So l i ds  Analysis 

The product s o l i d s  obtained a t  var ious magnesium i o n  concentrat ions were 
examined under a scanning e lec t ron  microscope (SEM) t o  observe the  de ta i l ed  
morphology o f  the  i n d i v i d u a l  s o l i d  pa r t i c l es .  
photomicrographs reproduced i n  Figures 9 through 12, t h e  product s o l i d s  were 
phys i ca l l y  d i f f e r e n t .  
where the p a r t i c l e s  gave a 50 t o  55% s o l i d s  f i l t e r  cake w i t h  agglomerates o f  
wel l -def ined p l a t e l e t s .  
9b which was taken a t  a m a g n i f i c a t i o n  o f  5000x. 

As can b e  seen i n  the  SEM 

F igure  9 shows the s o l i d s  taken a t  the  base case cond i t ions  

The th ickness  o f  each p l a t e l e t  can be seen c l e a r l y  i n  F igure  

Photomicrographs o f  s o l i d s  produced a t  the  1000 ppn t o t a l  Mg2' concentrat ion are  
shown i n  F igure  10. 
p a r t i c l e s  i n  F igure  10 were composed o f  th inner ,  smal le r  p l a t e l e t s .  
r e f l e c t e d  i n  poorer f i l t e r  cake q u a l i t i e s  (45 t o  50% inso lub le  s o l i d s ) .  

Photomicrographs o f  sol  i d s  produced a t  2090 ppm t o t a l  Mg2+ concent ra t ion  are 
shown i n  F igure  11 which i nd i ca tes  the  s o l i d  p a r t i c l e s  a r e  composed o f  i l l - d e f i n e d ,  
needle-1 i k e  p l a t e l e t s .  Furthermore, F igure  l l b  revea ls  ser ious  c r y s t a l  defects.  The 
poor c r y s t a l  p r o p e r t i e s  were evidenced b y  an extremely low s e t t l i n g  r a t e  ( l ess  than 
0.1 cm/min) and v e r y  few f i l t e r  cake inso lub le  s o l i d s  ( l e s s  than 30%). 

In summary, two s i g n i f i c a n t  e f f e c t s  of MgZt concent ra t ion  on DA system 
performance were observed. 
product dewatering p r o p e r t i e s  a re  v e r y  sens i t i ve  t o  Mg2+ concentrat ion.  
Photomicrographs show t h a t  the  d e t e r i o r a t i o n  of so l  i d s  dewatering proper t ies  i s  
caused b y  c r y s t a l  morphology changes compris ing c r y s t a l  s i ze  decreases and cr.ysta1 
defects. 
pH drop. 
reaches about 1900 ppm. 

Surface Adsorption Model 

i s s o l u t i o n  r a t e  o f  CaC03 has been inves t i ga ted  w i t h  a 
pH-stat l a b o r a t o r y  exper imentrsy.  The r e s u l t s  i nd i ca ted  t h a t  t he  presence o f  Mgzt i n  
t h e  so lu t i on  reduces t h e  CaC03 d i s s o l u t i o n  ra te .  To i n t e r p r e t  t he  data,  i t  was 
assumed t h a t  Mg2+ can b e  adsorbed on the  surface o f  CaC03 p a r t i c l e s  t o  form a surface 
Ca-Mg-carbonate. The adsorp t ion  reduces the  d i s s o l u t i o n  r a t e  s ince the  surface i s  
P a r t i a l l y  b l i n d e d  b y  adsorbed Mgzt. It was a l so  assumed t h a t  the  reduc t i on  o f  the 
d i s s o l u t i o n  r a t e  i s  p ropor t i ona l  t o  the  f r a c t i o n  o f  the surface ( e )  occupied by  the 
adsohed MgZt, which can b e  expressed by  the  Langmiur adsorp t ion  isotherm: 

Compared w i t h  the base case s o l i d s  (F igure  9 ) ,  t h e  s o l i d  
This was 

F i r s t ,  the  p i l o t  p lan t  data i nd i ca ted  t h a t  the s o l i d  

Second, t h e  l imestone d i s s o l u t i o n  r a t e  decreased as r e f l e c t e d  b y  t h e  system 
This e f f e c t  i s  no t  very  s i g n i f i c a n t  u n t i l  the t o t a l  MgZt concent ra t ion  

The ef fect  o f  MgZt on t h  

9 = a c / ( l  t bc)  (1) 

where a and b a r e  cons tan ts  and c i s  the  concent ra t ion  o f  adsorbed species. 
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The d i s s o l u t i o n  r a t e  ( R )  can b e  determined from: 

R = kA ( 1  - r1 /2 )n  (2 )  

where k i s  th apparent r a t e  constant, A i s  the a c t i v e  surface area, r i s  the  degree 
of CaC03 sa tu ra t i on ,  and n i s  a constant. 
surface area A i s  r e l a t e d  t o  0 by :  

I n  the presence o f  Mg2+, the  a c t i v e  

A =  ( 1  - e )  (3 1 
The i n h i b i t i o n  e f f e c t  o f  Mg2+ on CaCO3 d i s s o l u t i o n  r a t e  can be described b y  t h e  
fo l l ow ing  c o r r e l a t i o n  der ived from Equations 1, 2 and 3. 

(1 - R/Ro) = 1.38 x l o 5  [Mg2+]/(1 + 1.68 x l o 5  [Mg2+]) (4  1 
where Ro i s  the d i s s o l u t i o n  r a t e  i n  the absence o f  Mg2+ and [MgZt] i s  t he  
concen t ra t i on  o f  t o t a l  magnesium i n  moles cm-3. 

s l u r r y ,  t he  cmhined e f f e c t s  o f  ca lc ium and ma n sium a c t u a l l y  determine the  
l imestone d i s s o l u t i o n  r a t e .  S joberg 's  resu l t s767  ind i ca ted  t h a t  Ca2+ can i n h i b i t  
CaC03 d i s s o l u t i o n  r a t e  much more e f f e c t i v e l y  than Mg2+ b y  the same sur face adso rp t i on  
phenomenon. The conbined e f f e c t s  o f  Ca2+ and Mg2+ can b e  described as compe t i t i ve  
adsorption, and the l imestone sur face w i l l  a c t  as an ion-exchanger. The f r a c t i o n  of 
sur face occupied b y  adsorbed CaZ+ and Mg2+ can be expressed as: 

I n  wet f l u e  gas d e s u l f u r i z a t i o n  processes, e i t h e r  dual a l k a l i  o r  l imestone 

E 
\ 

where a i  and b i  a r e  constants and c i  i s  the concen t ra t i on  o f  
The reduct ion o f  d i s s o l u t i o n  r a t e  i s  p ropor t i ona l  t o  0, o r :  

( 1  - R/Ro) a 0 

the adsohed  species i. 

(6)  

I n  the i dea l  case, a i  and b i  a r e  constants  independent o f  c i .  Therefore, 

where K' i s  a constant w i t h  a value o f  0.033 as obta ined by  Sjoberg(6). 

Equation ( 7 )  i nd i ca tes  t h a t  the r e l a t i v e  e f fec t i veness  o f  Mg2+ and Ca2+ i n  
i n h i b i t i n g  the l imestone d i s s o l u t i o n  r a t e  depends on the r a t i o  of Mg2+ concen t ra t i on  
t o  Ca2+ concentrat ion. On the  o the r  hand, t h e  s e n s i t i v i t y  o f  l imestone d i s s o l u t i o n  
r a t e  t o  the Mgzt concen t ra t i on  i s  determined b y  t h e  Ca2+ concentrat ion.  
b y  Equation ( 7 ) ,  when the minimum r a t i o  (OM /Q 
e f f e c t i v e l y  i n h i b i t  l imestone d i s s o l u t i o n  r ! t e v i u a l  a l k a l i  processes need o n l y  908 
ppn Mg2+ since the normal Ca2' concen t ra t i on  i n  the f i r s t  r e a c t o r  i s  about 100 ppm. 
Furthermore, i f  compe t i t i ve  adsorpt ion o f  Mg2+ and Cazt a l so  occurred on the  Cas03 
sur face,  the adsorbed Mg2+ can a c t  as an i m p u r i t y  which causes c r y s t a l  d e f e c t s  and 
i n h i b i t s  c r y s t a l  growth. 
d e t e r i o r a t e  w i t h  the increase o f  Mg2+ concen t ra t i on  as r e f l e c t e d  b y  the  decrease o f  
s l u r r y  s e t t l i n g  r a t e  and f i l t e r  cake i n s o l h l e  s o l i d s  obta ined from p i l o t  p l a n t  
t e s t i n g  . 

As i nd i ca ted  
o f  0.5 i s  requ i red  f o r  Mg2+ t o  

As a r e s u l t ,  t he  p roper t i es  o f  t he  s o l i d  product  
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EFFECTS OF CHLORIDE IONS 

cat ions  such as sodium (Na+) and Mg2? . Since previous data ind ica ted  t h a t  h igh  
magnesium i o n  concent ra t ions  a re  not d e s i r a b l e ,  i t  i s  expected t h a t  Na+ w i l l  be the  
c a t i o n  associated wi th  the  C1- i n  l imestone dual a l k a l i  scrubbing so lu t ions .  

cond i t ions  w i t h  183 ppn C1- concentrat ion.  I n d u s t r i a l  grade sodium c h l o r i d e  was then 
added t o  the t h i r d  r e a c t o r  t o  r a i s e  the  C1- concent ra t ion  t o  20,000, 50,000, and 
80,000 ppn, r e s p e c t i v e l y .  
4. 
s i g n i f i c a n t  change observed w i t h  the  increase of C1- 
of system pH. While a l l  t he  o t h e r  var iab les  ( l imestone feed ra te ,  SO2 feed ra te ,  
a c t i v e  sodium concent ra t ion ,  s u l f a t e - t o - s u l f i t e  r a t i o ,  etc.) were maintained a t  
approximately cons tan t  l e v e l s ,  t h e  pH o f  regenerated l i q u o r  decreased from 6.6 t o  
6.5, 6.3, and 6.2 as the  C1- concent ra t ion  increased from the  base case t o  20,000, 
50,000, and 80,000 ppn, respec t i ve l y .  Correspondingly, t h e  SO2 removal e f f i c i e n c y  
a l s o  dropped s l i g h t l y  f rom 93 t o  92, 91, and 90%, respec t i ve l y .  
constant t o t a l  a l k a l i n i t y  concent ra t ions ,  t h e  soda ash make-up r a t e  was increased b y  
more than 50%. 
increase o f  C1- c o n c e n t r a t i o n  when the C1- concent ra t ion  was below 80,000 ppn. The 
f i l t e r  cake inso lub le  s o l i d s  conten t  f l uc tua ted  between 50 and 55% and t h e  
s u l f a t e - t o - s u l f i t e  r a t i o  dropped s l i g h t l y  from 1.9 t o  1.8. 
i nd i ca ted  t h a t  t he  o v e r a l l  o x i d a t i o n  decreased from 6.9% t o  4.0% as the  C1- 
concent ra t ion  increased from the  base case leve l  t o  80,000 ppn. 

Corresponding t o  these C1- 
ppn and 140,500 ppn, r e s p e c t i v e l y .  As observed i n  previous runs, the  system pH 
dropped w i t h  the increase o f  C1- concentrat ion.  The base case (no c h l o r i d e  
add i t i on )  regenerated l i q u o r  pH was 6.7. A t  100.000 ppn C1- concentrat ion,  t he  
regenerated l i q u o r  pH f e l l  t o  6.1. The regenerated l i q u o r  pH f u r t h e r  decreased t o  
5.9 when the C1- c o n c e n t r a t i o n  was increased t o  150,000 ppn. 

150,000 ppn C1- was sca l i ng  i n  the  absorber. 
and a very  h igh  pressure drop (over  10 in .  H20) across the  absorber was obtained. 
Layers of  hard sca le  composed o f  CaS03/S04 were found on the absorber wa l ls .  
quan t i t y  of water so lub le  sodium scale was deposi ted beneath the midd le  and the  
bottom trays.  N e i t h e r  sca le  contained s i g n i f i c a n t  amounts o f  ch lo r i de .  

I n  a d d i t i o n  t o  sca l ing ,  system performance a l so  de ter io ra ted .  Only 86% SO2 
removal e f f i c i e n c y  was obtained a t  150,0110 ppn c h l o r i d e ,  s i g n i f i c a n t l y  lower than the 
93% a t  base case c o n d i t i o n s .  F i l t e r  cake inso lub le  s o l i d s  a l so  decreased t o  39% 
compared w i t h  50 t o  55% f o r  the  base case. 
concent ra t ions  were observed and r e f l e c t e d  the  increased l i q u o r  l o s s  and sodium 
consumption. 

SUMMARY 

Ch lor ide  i ons  ( C l - )  accunu la t in  i n  the  scrubbing l i q u o r  w i l l  be balanced b y  

The p i l o t  e v a l u a t i o n  t e s t  was s ta r ted  on the  base case (no c h l o r i d e  add i t i on )  

The p r i n c i p a l  r e s u l t s  o f  these t e s t s  a r e  l i s t e d  i n  Table 
The most Summaries o f  l i q u o r  and s o l i d s  analyses a r e  l i s t e d  i n  Tables 5 and 6. 

concent ra t ion  was the  decrease 

I n  o r d e r  t o  maintain 

No s i g n i f i c a n t  changes i n  s o l i d s  q u a l i t y  were observed w i t h  the  

F i l t e r  cake analyses 

Chlor ide i o n  concent ra t ions  o f  100,000 ppn and 150,000 ppn were a l so  tested. 
concentrat ions,  t he  Nat concentrat ions reached 116,900 

The most s i g n i f i c a n t  opera t ing  problem encountered dur ing  runs w i t h  100,000 and 
The quench nozzle scaled and plugged, 

A l a rge  

Decreases o f  TOS and t o t a l  a l k a l i n i t y  

I n  summary, t h e  p i l o t  p lan t  d a t a  i n d i c a t e  t h a t :  

The s o l i d  p roduc t  dewater ing p r o p e r t i e s  a r e  very  sens i t i ve  t o  Mg2+ concentra- 
t i on .  
concent ra t ions  were obtained w i t h  the  increase o f  t o t a l  Mgzt concent ra t ion  
from 500 Ppn t o  1000 ppn. 

S i g n i f i c a n t  drops (5% o r  more) o f  f i l t e r  cake inso lub le  s o l i d  

So l i ds  q u a l i t y  d e t e r i o r a t e d  r a p i d l y  a f t e r  the  
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t o t a l  magnesium i o n  concen t ra t i on  exceeded 1000 ppn. 
t r a t i o n  o f  2000 ppn, a system upset w i t h  non -se t t l i ng  s o l i d s  occurred. 
s o l i d s  s e t t l i n g  r a t e  dropped below 0.1 cm/min, and on ly  28% i n s o l u b l e  s o l i d s  
were obtained from t h e  f i l t e r  cake. Scanning e l e c t r o n  micrographs showed 
t h a t  the d e t e r i o r a t i o n  o f  sol i d s  dewatering p roper t i es  was caused b y  c r y s t a l  
morphology changes r e f l e c t i n g  c r y s t a l  s i z e  decreases and c r y s t a l  defects .  

0 The l imestone d i s s o l u t i o n  r a t e  decreased as shown b y  decreasing system pH 
w i t h  increas ing Mg2+ concentrat ion.  This  e f f e c t  i s  r e l a t i v e l y  smal 1 u n t i l  
t he  t o t a l  magnesium i o n  concentrat ions reach about 1000 ppn. 

0 The e f f e c t  o f  Mg2' concentrat ion on l imestone d i s s o l u t i o n  r a t e  can b e  
explained by  a sur face adsorpt ion model. The adsorpt ion o f  Mgzt reduces the 
l imestone d i s s o l u t i o n  r a t e  because the surface i s  p a r t i a l l y  b l i nded  b y  the  
adsohed magnesium ions.  
i ons  was descr ibed by  a mathematical model based on the Langmuir adsorpt ion 
isotherm. The model was used t o  exp la in  the s e n s i t i v i t y  o f  l imestone 
d i s s o l u t i o n  r a t e  t o  magnesium i o n  concen t ra t i on  under l imestone dual a l k a l i  
operat ing condi t ions.  

When the c h l o r i d e  i o n  concentrat ion i s  below 80,000 ppn, t h e  most s i g n i f i c a n t  
change observed w i t h  the  increase o f  C1- concentrat ion was the decrease o f  
system pH. Correspondingly, s l i g h t  drops o f  SO2 removal e f f i c i e n c y  were a l so  
obtained . 

a When the ch lo r i de  i o n  concentrat ion i s  above 100,000 ppn, system performance 
de te r io ra ted  w i t h  the increase o f  c h l o r i d e  i o n  concentrat ion.  I n  a d d i t i o n  t o  
the decreasing scrubbing s o l u t i o n  pH and SO2 removal e f f i c i e n c y ,  t he  f i l t e r  
cake inso lub le  s o l i d s  a l s o  decreased and resu l ted  i n  increased l i q u o r  losses 
and sodium consumptions. 

A t  a t o t a l  Mg2' concen- 
The 

The compe t i t i ve  adsorpt ion o f  ca lc ium and magnesium 
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TABLE 1. MAGNESIUM-ION-EFFECT TEST CONDITIONS 

Run MG-1 MG-2 MG-3 MG-4 MG-5 
~~ ~ ~ ~~ 

Mg2+ concentrat ion,  ppn 355 1060 625 356 20nn 
Tower pressure drop, in .  H20 8.1 8.4 7.9 7.8 8.2 
L i q u o r  forward feed, gpn 1.4 1.4 1.4 1.4 1.4 
Scrubber feed pH 6.6 6.6 6.6 6.6 6.2 
S c r b b e r  e f f l u e n t  pH 6.2 6.2 6.2 6.2 5.6 
I n l e t  SO2 concent ra t ion ,  ppn 3010 2990 2990 3050 3020 
SO2 feed ra te ,  l b / h r  6.7 6.7 6.6 6.7 6.6 
SO2 absorpt ion,  w t .  % 92.7 91.8 91.0 92 a5 
SO2 make-per-pass, mmol/l 139 137 132 138 125 
Limestone s l u r r y  feed r a t e ,  l b / h r  23 23 22 22 22 
Limestone s l u r r y  s o l i d s ,  w t .  % 45 45 45 45 45 
F lue  gas 02, vol .  X 6.4 7.0 6.1 6.9 7.2 

F i l t e r  wash r a t e  (nominal) ,  gph 3 3 3 3 3 

Thickener so l i ds ,  w t .  % 19 18 16 20.1 7.8 
F i l t e r  cake s o l i d s ,  wt .  % ( i nso lub le )  52 45 48 53 28 

Na concentrat ion,  g/1 57 55.6 57.4 54.0 49.7 
TOS, gmol/l 0.72 0.67 0.70 0.74 0.67 
Ca concentrat ion,  ppn 88 52 74 62 58 
Tota l  a l k a l i n i t y ,  gmol/ V-113) 0.42 0.41 0.38 0.42 0.28 
Na i n  f i l t e r  cake, mg/g!a! 15.5 18.6 16.9 12.6 (d) 
Run t ime, hours 81 78 85 92 67 
Limestone sto!chiometry(b) 1.07 1.08 1.06 1.03 1.13 

A c t i v e  Na, gmol/ l?c) 1.14 1.08 1.08 1.16 0.95 
SOq/sul fi t e  2.05 2.15 2.4 2.0 3.2 

fa/Washed i n  the b e l t  f i l t e r  
(b)Mass ba lance (d)Data not a v a i l a b l e  

S e t t l i n g  r a t e  ( reac to r ) ,  cm/min 2.0 1.9 2.2 2.2 <0.1 
S e t t l i n g  t e s t  % s l i d s  2.1 2.1 2.6 2.1 4.7 

( C ) A c t i v e  Na = TOS + Total  A l k a l i n i t y ,  gmol/ l  

TABLE 2. SUMMARY OF THICKENER LIQUOR ANALYSIS 
FROM MAGNESIUM-ION-EFFECT TESTS 

Run No. MG-1 MG-2 MG-3 MG-4 MG-5" 
Component, 

91 1 

Ca 0.088 0.052 0.074 0.062 0.058 
Mg 0.355 1.06 0.625 0.356 2.02 
Na 57.0 55.6 57.4 54.0 49.7 

;Oo4 2.73 2.54 2.35 2.1 2-03 

TOS as SO3 57.6 53.6 55.6 59.3 53.6 
82.6 84.5 86.4 80.6 86.4 

C 7  
PH 

-.- -. ._ 
0.165 0.174 0.192 0.182 0.175 
6.7 6.7 6.6 6.7 6.2 

\ 

i 
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TABLE 3. SUMMARY OF FILTER CAKE ANALYSIS FROM MAGNESIUM-ION-EFFECT TESTS 

Run No, 

Component, 
mg/g 

MG-1 MG-2 MG-3 MG-4 MG-5 

Tota l  S as SO3 529 52 2 52 5 
TOS as SO2 379 378 363 

Ca 294 297 298 
Mg 2.6 3.4 2.8 
Na 5.7 5.8 5.8 
Oxidat ion,  X 10.4 9.5 13.6 
L /S  U t i l i z a t i o n ,  %(a) 89.9 87.8 88.1 

Carbonate as C02 42 47 43 

509 
382 

42 
296 

2.5 
4.4 
6.2 

86.0 

511 
376 

56 
298 

3.6 
5.3 
8.0 

85.7 

( a ) ~ 0 3 / ~ a  
(h)data no t  a v a i l a b l e  

TABLE 4. CHLORIDE-ION-EFFECT TEST CONDITIONS 

i 

~~~~ ~ 

Run No. CL-1 CL-2 

C1- concentrat ion,  ppn Base Case 20000 

L i q u o r  forward feed, gpn 1.4 1.4 
Scrubber feed pH 6.6 6.5 
Scrubber e f f l u e n t  pH 6.2 6.1 
I n l e t  SO2 concentrat ion,  ppn 3040 3010 
SO2 feed ra te ,  l b / h r  5 .6  6.7 
SO2 absorpt ion,  % 93 92 
SO2 make-per-pass, mmol l l  137.1 137.7 
Limestone s l u r r y  feed r a t e ,  l b / h r  22 22 
Limestone s l u r r y  s o l i d s ,  wt. % 45 45 
F1 ue gas 02, vo l  . % 5.6 5.1 
Thickener s o l i d s ,  wt. % 22.8 19.8 
F i l t e r  cake so l i ds ,  wt. % ’  53 52 

F i l t e r  wash r a t e  (nominal ) ,  gph 3 3 

61 57 

Tower pressure drop, i n .  H20 8.0 8.1 

( i nso lub le )  

Na concentrat ion,  g/1 47.8 59.6 
TOS, gmol/ l  0.70 0.65 

0.44 0.41 
8.2 9.4 

IafV-113) 
Ca concentrat ion,  ppn 
To ta l  a l k a l i n i t y ,  gmol/ 
Na i n  f i l t e r  cake, mg/g 
Run t ime, hours 85 62 
Limes tone s t o i c  h iometry(b 1.03 1.03 

A c t i v e  Na, gmol/ lTC) 1.14 1.06 

S e t t l i n g  r a t e  ( reac to r ) ,  cm/min 2.3 2.1 
S e t t l i n g  t e s t  % s l i d s  2.0 1.9 

sO4/sul fi t e  1.9 1.9 

CL-3 

soon0 
8.1 

6.3 
5.9 

- (d )  

3060 
6.7 

91 

22 
45 

5.3 
23.4 
51 

3 
78.8 

0.66 

0.40 
58 

13.3 
68 

1.04 
1.8 
2.7 
1.06 
1 .R 

CL-4 

ROO00 
8.2 
1.4 
6.2 
5.8 

6.6 
3010 

90 
122.7 

22 
45 

4.7 
22.1 
52 

3 
96.9 

0.64 

0.39 
49 

14.6 
5R 

1.07 
1.9 
1.8 
1.03 
1.8 

CL-5 

100000 
8.9 
1.4 
6.1 
5.7 

6.6 
3030 

89 
131 

22 
4 5  

5.2 
18.1 
48 

3 
116.9 

51 
0.61 

0.34 
17.7 
84 

1.08 
1.8 
2.1 
0.95 
1.84 

c1-6 

150000 
10.2 

1.4 
5.9 
5.5 

3010 

86 
6.7 

129 
22 
45 

5.1 
20.2 
39 

3 

0.47 

0.29 

140.5 

36 

24.5 
72 
1.10 
1.7 
2.4 
0.76 
1.72 

swashed i n  the  b e l t  f i l t e r  
b m s s  balance 

CAct ive Na = TOS + To ta l  A l k a l i n i t y ,  gmol / l  
~ F I  owneter n o t  ope ra t i ona l  
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TABLE 5. SUMMARY OF THICKENER LIOUOR ANALYSIS FROM CHLORIDE-ION-EFFECT TESTS 

Run No. CL-1 CL-2 CL-3 CL-4 CL-5 CL-6 

Component, 
91 1 

Ca 0.061 0.057 0.058 (1.049 0.051 0.036 
Mg 0.344 0.298 0.333 0.247 0.176 0.072 
Na 47.8 59.6 78.8 96.9 116.9 140.5 

TOS as so3 56.0 52.0 52.8 51.2 48.6 37.6 
80.3 76.2 69.1 67.3 60. 2 48.0 

2.68 2.25 2.12 1.95 1.25 0.96 
0.183 20.1 50.3 80.2 100.0 150.0 

PH 6.6 6.5 6.3 6.2 6.1 5.9 

E!: 

TABLE 6. SUMMARY OF FILTER CAKE ANALYSIS FROM CHLORIDE-ION-EFFECT TESTS 

Ron No. CL-1 CL-2 CL-3 CL-4 CL-5 CL-6 

Component, 
mglg  

To ta l  S as SO3 513 498 503 505 501 491 

Carbonate as C02 40 42 43 46 56 61 
Ca 295 286 292 298 308 307 
Mg 2.4 2.3 2.4 3.2 3.0 2.6 
Na 5.9 (b) 6.2 5.8 6.5 5.9 

Ox ida t i on ,  % 6.9 6.6 5.3 4.0 4.4 5.3 
L/S U t i l i z a t i o n ,  %(a)  86.9 87.1 86.1 84.7 81.3 80.0 

TOS as SO2 382 372 381 388 383 372 

( a  1 sO3/ca 
(b )da ta  n o t  a v a i l a b l e  

i 
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Figure 1. Flow diagram of I ERL-RTP dual alkali pilot plant. 
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Figure 2. Distribution of magnesium ion concentration in limestone DA pilot plant. 
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Figure 3. Profiles of pH values in limestone DA pilot plant. 
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Figure 4. Total oxidizable sulfur concentrations in limestone D A  pilot plant. 
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Figure 7. Distr ibut ion of total calcium ion concentration in  limestone D A  p i lo t  plant. 
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(a) lOOOX 

(b) 5000X 

Figure 9. Scanning electron micrograph of base case solid products. 
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(a) 1000 X 

(b) 5000 X 

Figure 10. Scanning electron micrograph of solid products at  1000 ppm Mg*+concentration. 
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(a) lOOOX 

I 

\ 

(b) 5000X 

Figure 11. Scanning electron micrograph of solid products at 2000 ppm Mg2+ concentration. 
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APPLICATION OF THE SODIUM 
DUAL ALKALI SCRUBBING PROCESS 
TO HIGH CHLORIDE GAS STREAMS 

Wi l l iam H. Mink 

B a t t e l l e ' s  Columbus Laborator ies 
505 King Avenue 

Columbus, Ohio 43201 

INTRODUCTION 

The methods used f o r  disposing o f  m i l i t a r y  chemical agents, such as VX, 
GB, and H, have been changed from land and sea b u r i a l  t o  chemical neu t ra l i za t i on  and 
inc ine ra t i on  due t o  environmental cons t ra in ts  and l e g i s l a t i v e  r e s t r i c t i o n s .  

As an approach t o  munit ions disposal ,  the Army has developed a Chemical 
Agent Munitions Disposal System (CAMDS) f a c i l i t y  a t  the  Tooele Army Depot, Tooele, 
Utah. This i s  a p ro to type f o r  other l e t h a l  chemical demi l i t a r i za t i on  p lan ts  expected 
t o  be b u i l t  i n  t he  fu tu re .  

The CAMDS f a c i l i t y  was espec ia l l y  designed f o r  t he  safe handling, disassembly, 
destruct ion,  and decontamination o f  chemical agents VX,  GB, and H, and munitions 
conta in ing  these chemical agents. These disposal  operat ions must inc lude adequate 
emission con t ro l  technology. The emissions o f  concern inc lude no t  o n l y  the agents 
themselves, bu t  a l so  c e r t a i n  species produced i n  the  disposal  process, such as s u l f u r  
oxides ( S O 2  and SOj), phosphorus oxides (e.g., PzO5). hydrogen ch lo r i de  (HCI), and 
pa r t i cu la te  matter.  

Although the  present method o f  gas t reatment i s  bel ieved t o  have exce l len t  
r e l i a b i l i t y ,  i t  i s  c o s t l y  t o  operate because o f  i t s  raw mater ia l  requirements and 
i t s  mater ia l  hand l ing  procedures. A p a r t i c u l a r l y  expensive step i n  the  ove ra l l  gas 
treatment procedure i s  t he  required evaporat ive dry ing  o f  s a l t s  which resu l t s  from 
the use o f  the  CAMOS s ing le  a l k a l i  scrubbing system. A l te rna t ives  t o  the  evapor- 
a t i ve  d ry ing  o f  the  s a l t s  have been inves t iga ted  i n  order t o  reduce the energy consump- 
t i o n  o f  the  f a c i l i t y .  

A f t e r  d e m i l i t a r i z a t i o n  o f  a mun i t ion  a t  the  CAMOS f a c i l i t y ,  the  metal parts 
are conveyed i n t o  the  metal pa r t s  furnace (MPF), a r o l l e r  hear th  furnace, where res idua l  
agent on metal p a r t s  i s  thermal ly  destroyed. Bulk mustard i s  a l so  destroyed i n  the 
MPF. Exhaust f rom t h i s  furnace i s  t rea ted  i n  an ex tens ive  con t ro l  system comprising 
(a) an o x i d i z i n g  sec t ion  f o r  thermal ly  decomposing any res idua l  agents a t  1600 F, 
(b )  a quench ven tu r i ,  and ( c )  a packed column where the  exhaust gases are contacted 
w i th  NaOH o r  Na2CO-j so lu t i on .  Exhaust from the packed tower e x i t s  through a stack 
t o  the atmosphere. 

To avoid bu i ldup o f  phosphates, su l fa tes ,  and ch lo r ides  i n  the scrubber 
so lu t ion ,  a p o r t i o n  o f  the  scrubber stream i s  removed from the system and evaporated 
t o  dryness. The r e s u l t a n t  d ry  s a l t s  a re  then placed in drums f o r  storage. The 
evaporation step requ i res  la rge  amounts o f  energy. The use o f  dual  a l k a l i  scrubbing 
technology could avo id  the  need t o  evaporate la rge  amounts o f  water t o  produce a s o l i d  
waste. 

I n  the  sodium-based dual a l k a l i  process, the  ac id  gases a re  absorbed by 
a SOlUtiOn O f  sodium s a l t s  a t  a pH range o f  5-8. The so lu t i on  i s  regenerated outside 
the scrubber w i t h  l ime o r  l imestone t o  produce a s o l i d  waste containing calc ium su l fa te  
and calcium s u l f i t e .  Some sodium s a l t s  a re  l o s t  w i t h  the  waste and must be made up 
by the add i t i on  o f  NaOH o r  NazC03. The p r i n c i p a l  chemical reac t ions  are as fo l lows:  

Scrubber: 2NaOH + SOi-NapSO3 + H20 1) 

Na2S03 + 1/2 02-Na2S04 2)  1 

162 



I 

I 

h 

I 

Regenerator: Ca(OH)2 + Na2S03-CaS03 + 2NaOH 3) 

Ca(OH)2 + NazSOq-CaSOq + 2NaOH. 4) 

One considerat ion i n  spec i fy ing  a dual  a l k a l i  system f o r  the  MPF i s  the  
r e l a t i v e l y  high concentrat ion o f  H C l  i n  the  f l u e  gas dur ing  mustard operat ions.  The 
NaCl r e s u l t i n g  from the  reac t i on  o f  NaOH and HC1 cannot be regenerated w i th  Ca(OH)2 
and must be purged from the  system. I n  order t o  avoid a l i q u i d  purge stream which 
would have t o  be dr ied,  the  process i n  Figure 1 was designed t o  remove the  NaCl w i t h  
the  l i q u i d  i n  the f i l t e r  cake. 

Dual a l k a l i  systems have been ex tens ive ly  app l ied  t o  scrubbing SO2 from 
b o i l e r  f l u e  gas. I n  most o f  these app l ica t ions ,  the  ob jec t i ve  i n  using a dual a l k a l i  
system as compared t o  a s ing le  a l k a l i  system, i s  t o  minimize the use o f  t he  more 
expensive sodium as compared t o  the  calc ium i n  l ime. However, the  most cos t -e f fec t i ve  
operat ion f o r  the  system on the  MPF i s  one t h a t  w i l l  e l im ina te  the expensive d ry ing  
process. The design shorn i n  Figure 1 may a c t u a l l y  requ i re  considerably more a l k a l i  
than the  minimum requ i red  i n  order t o  increase the  s o l i d s  content i n  the  waste f i l t e r  
cake and thereby a l low the  NaCl t o  be purged w i t h  the  l i q u i d  attached t o  the f i l t e r  
cake. I n  order t o  minimize t h i s  quan t i t y  o f  l i q u i d ,  the  ch lo r ide  content i s  al lowed 
t o  b u i l d  up t o  very h igh  l eve l s .  

The p r inc ipa l  advantage o f  a dual a l k a l i  process appl ied t o  the  MPF i s  the  
subs t i t u t i on  o f  a r e l a t i v e l y  inexpensive f i l t e r i n g  step f o r  the  expensive d ry ing  step 
i n  the  s ing le  a l k a l i  system. 

RESULTS AND DISCUSSION 

A f te r  assembling the  sodium dual a l k a l i  p i l o t  p lan t  shown i n  F igure  1, i t  
was operated a t  several d i f f e r e n t  cond i t ions  t o  explore the scrubbing e f f i c i ency ,  
the  e f f e c t  o f  ch lo r i de  bu i ldup i n  the  scrubbing l i q u o r ,  and t o  ob ta in  a ma te r ia l  
balance. Tables 1A and 18 sumnarize the  data obtained i n  the  13 runs made i n  the  
p i l o t  p lan t .  

Scrubbinq E f f i c i ency  

The e f f e c t  o f  the  s to ich iomet r ic  r a t i o  o f  t o t a l  a l k a l i  [Ca(OH)2 p lus  NaOH] 
t o  t o t a l  ac id  gas (SO2 p lus  HC1) i s  shown i n  Figure 2. The the ro re t i ca l  l i m i t  f o r  
reac t ion  o f  the a l k a l i  with the  ac id  gases i s  ind ica ted  i n  the f i gu re .  (Ac tua l l y ,  
some removal o f  HC1 can be expected w i t h  no a l k a l i  present.)  Su l fu r  d iox ide  removal 
e f f i c i e n c i e s  were found t o  exceed 99 percent when a1 k a l i / a c i d  s to ich iomet r ic  r a t i o s  
were greater than about 1.9. HCl removal e f f i c i e n c i e s  genera l l y  exceed SO2 removal 
a t  any gfven a l k a l i / a c i d  s to ich iomet r ic  r a t i o .  

E f f e c t  o f  Chlor ide Bui ldup 

Removal E f f i c i enc  . The o u t l e t  stream from the  regenerat ion tanks was 
f i l t e r e d  t o e  the  soliyds. A t y p i c a l  f i l t r a t e  composition a t  the  h igher  ch lo r i de  
concentrat ion range i s  presented i n  Table 2. The f i l t r a t e  was recycled t o  the  system. 
mixed w i th  add i t iona l  sodium hydroxide, and pumped back i n t o  the  column as scrubbing 
l i q u o r .  

Figure 3 shows percent SO2 remaining i n  the  scrubbed gas as a func t i on  o f  
a l k a l i / a c i d  gas s to ich iomet r ic  r a t i o .  The numbers beside each p o i n t  a re  c h l o r i d e  
concentrat ion i n  the  scrubber l i quo r .  From an examination o f  t h i s  f i gu re ,  i t  does 
no t  appear tha t  ch lo r i de  concentrat ion has any s i g n i f i c a n t  e f f e c t  on SO2 removal i n  
the  range studied. 

Although ch lo r i de  concentrat ion i n  the  scrubber l i q u o r  
has l i t t l e  e f fec t  on removal e f f i c i ency ,  i t  has a s i g n i f i c a n t  e f f e c t  on the  opera t ion  
of the  column. Chlor ide concentrat ions grea ter  than about 6.6 percent (see Table 
3). lead  t o  some deposi t  o f  s a l t s  i n  the  scrubber column. Nevertheless, i t  appears 
t h a t  if chlor ide  l eve l  i s  maintained below about 8-1/2 t o  9 percent. column opera t ion  

Chlor ide b u i l t  up as the  scrubbing reac t i on  occurred. 

Sol ids P rec ip i t a t i on .  
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would no t  be impaired. Figure 4 shows ch lo r i de  concentrat ion o f  the  l a s t  n ine runs 
together w i t h  an i n d i c a t i o n  o f  the  degree o f  column plugging. 

P r e c i p i t a t i o n  occurs when s o l u b i l i t y  l i m i t s  o f  the components i n  so lu t i on  
are  exceeded. Th is  i s  the  case when C1- concentrat ion i n  the  scrubbing l i q u o r  reaches 
values above 6.6 percent. These s a l t s  red isso lve  i n  the l i q u o r ,  i nd i ca t i ng  tha t  they 
are most l i k e l y  sodium sa l t s .  

Ch lor ide  i s  removed w i th  the moisture i n  the  cake, thus maintaining a 
steady-state concent ra t ion .  Essen t ia l l y  no ch lo r i de  i s  removed as a s o l i d  as shown 
i n  a t y p i c a l  d r y  cake ana lys is  (Table 4). 

The o the r  type o f  s a l t  p r e c i p i t a t i n g  i n  the  column i s  calcium-based. 
E l im ina t ion  o r  reduc t ion  o f  calc ium ions i n  the l i q u o r  i s  c r i t i c a l  i f  the  temperature 
i n  the system drops. A l a r g e r  amount o f  p r e c i p i t a t e  was observed i n  the  p i l o t  p lan t  
when overn igh t  temperature dropped t o  about 60 F. Most o f  these s a l t s  returned t o  
so lu t i on  a f t e r  t h e  system was reheated t o  opera t ing  temperatures. This re la t ionsh ip  
between the  temperature and p r e c i p i t a t i o n  must be taken i n t o  considerat ion i n  the  
design and opera t ion  o f  a f u l l - s c a l e  p lan t .  As ind ica ted  by the ana lys is  and postulated 
composition shown i n  Table 5, these s a l t s  a re  be l ieved t o  be p r i m a r i l y  calcium s u l f i t e  
and su l fa te .  

Operation o f  a dual a l k a l i  p lan t  would be s i g n i f i c a n t l y  impaired i f  
p r e c i p i t a t i o n  i s  al lowed i n  the  system. For example, as observed dur ing  p i l o t  p lan t  
operation, p r e c i p i t a t i o n  present a t  the nozzle and i n  the  column sometimes l i m i t e d  
the  amount o f  l i q u o r  i n p u t  t o  the  column. 

Tower and packing designs a lso  a f f e c t  the accumulation o f  inso lub le  matter 
i n  the column. A spray tower design would considerably reduce the  plugging po ten t ia l ,  
bu t  a t  t he  expense of scrubbing e f f i c i ency .  The packing size.  shape. and height are 
a lso  c r i t i c a l  t o  the  plugging problem. Large size,  open shape, and low packing height 
would a l l  minimize plugging. However, t he  l a rge  s i r e  has a reduced surface area per 
u n i t  volume which may cause a reduct ion i n  scrubbing e f f i c i e n c y .  The low packing 
height would a l so  reduce the  scrubbing e f f i c i ency .  During the  p i l o t  p lan t  operation, 
no attempt was made t o  opt imize the packing mater ia l .  

The area o f  scrubber plugging has been the  sub jec t  o f  intense study by 
inves t iga tors  of  convent ional  l imestone and dual a l k a l i  scrubbing systems. 

Materi a1 Ba 1 ance 

I n  P i l o t  P lan t  Run No. 10, a l l  the mater ia ls  i n  and o u t  o f  t he  system were 
accounted f o r  i n  order t o  ca l cu la te  a mater ia l  balance. The balance i s  shown i n  Table 
6. Note t h a t  most o f  the values closed w i t h i n  10 percent w i t h  the except ion o f  calcium. 
The discrepancy i n  calc ium may have resu l ted  f rom accumulation i n  the  scrubber column 
o r  other pa r t s  o f  the system and losses i n  the  f i l t e r  washwater. 

Sol ids Removal 

Some problems were found dur ing the  p i l o t  p lan t  opera t ion  which were d i r e c t l y  
re la ted  t o  the f i l t r a t i o n  step. The f i r s t  problem was the  f i l t e r  c l o t h  s ize.  The 
i n i t i a l  f i l t e r  c l o t h  i n s t a l l e d  plugged w i t h  the  so l i ds  causing equipment malfunction. 
This problem was overcome by using a coarser weave f i l t e r  c lo th .  

A second problem encountered w i t h  the  f i l t r a t i o n  step was the add i t iona l  
Water in t roduced i n  the  system most l i k e l y  as a r e s u l t  o f  the  continuous washing of 
the  f i l t e r  c lo th .  This problem would probably be minimized with la rger -sca le  equipment. 

An a l t e r n a t i v e  t o  the  hor izon ta l  b e l t  f i l t e r  f o r  so l i ds  separation i s  the 
use of a cen t r i f uge  o r  cen t r i f uga l  f i l t e r .  A continuous decanter cent r i fuge may be 
acceptable fo r  t h e  operat ion.  The separat ion o f  so l i ds  i s  con t ro l l ed  by the cent r i fuga l  
force. t he  bowl radius,  and the  e f f e c t i v e  length. The spec i f i ca t i on  depends on the 
desired product:  

The degree o f  dryness i n  t h i s  system i s  determined by the  amount o f  water 
necessary i n  the  cake t o  ca r ry  ou t  s u f f i c i e n t  C1- f o r  an 8-1/2 t o  9 percent ch lo r ide  
Concentration i n  the  f i l t r a t e .  

maximum c l a r i f i c a t i o n ,  c l a s s i f i c a t i o n ,  o r  so l  i d s  dryness. 
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A cen t r i f uga l  f i l t e r  was used i n  the p i l o t  p l a n t  t o  remove excess l i q u o r  
from the cake co l l ec ted  i n  the mater ia l  balance run  (Run 10) p r i o r  t o  ana lys is  and 
disposal .  The f i l t e r  operated we l l ,  reducing the wet cake t o  about 30 percent moisture.  

pH Control and Mon i to r inp  

The pH o f  the  scrubbing so lu t i on  was monitored du r ing  the  p i l o t  p l a n t  
operation. An unsuccessful attempt was made t o  con t ro l  pH by use o f  pH con t ro l l e rs .  
The pH var ied  g r e a t l y  w i t h  small add i t ions  o f  NaOH u n t i l  i t  reached a value o f  about 
12. A t  t h i s  l eve l ,  the  system appeared t o  be buffered. Higher pH leve ls  were n o t  
reached dur ing operat ion.  Because o f  t he  d i f f i c u l t y  i n  c o n t r o l l i n g  the  pH. the  e f f e c t  
o f  pH on scrubbing was n o t  determined and the  method o f  NaOH add i t i on  changed t o  pump 
feeding a t  a selected ra te .  

Continuous mon i to r ing  o f  the pH i n  the  regenerat ion tank was a l so  accompanied 
w i th  d i f f i c u l t i e s .  Apparently, the  higher concentrat ion o f  so l i ds  and extremely h igh  
pH's i n  l oca l i zed  areas ( f rom the  l ime feed) adversely a f fec ted  the  e lec t rodes  and 
the meter. However, spot mon i to r ing  was accomplished w i t h  a por tab le  u n i t .  

The scrubber discharge pH (see Table 3 )  var ied  f rom less  than 1 t o  over 
4. This wide range probably resu l t s  f rom the absence o f  a strong b u f f e r i n g  e f f e c t  
a t  the column discharge. The discharge pH does no t  appear t o  co r re la te  w i th  e i t h e r  
column plugging o r  removal e f f i c i e n c y .  

Corrosion 

Soon a f t e r  t he  p i l o t  p lan t  s ta r ted  operat ion.  the  column s o l u t i o n  tu rned 
purple,  dark green, and black. The co lo rs  were a r e s u l t  o f  the  cor ros ion  occu r r i ng  
i n  the gas feed l i nes .  It was o r i g i n a l l y  bel ieved t h a t  the  d ry  a c i d  gases cou ld  be 
re ta ined i n  the  s ta in less  s tee l  l i n e s  a t  l e a s t  dur ing  the  course o f  t he  study. However, 
moisture from the  compressed a i r ,  u n i t i n g  w i th  the  ac id  gases, caused cor ros ion  a t  
the  po in t  where the  gases and a i r  mixed. To a l l e v i a t e  t h i s  problem, the  j u n c t i o n  
o f  the gas l i n e  and the  a i r  l i n e  was moved t o  j u s t  ahead o f  the column i n l e t .  Th i s  
i s  an i nd i ca t i on  o f  the  need f o r  cor ros ion- res is tan t  pipes f o r  a l a r g e r  p lan t .  

The column should a lso  be made of cor ros ion- res is tan t  mater ia l  t o  avo id  
corrosion problems. The pH i n  the  tower i s  expected t o  change from very bas ic  a t  
the  top (pH 12) t o  ac id i c  (down t o  about pH 1 )  before the  l i q u o r  reaches the  bottom 
o f  the scrubber. 

CONCLUSIONS 

Laboratory and p i l o t  p l a n t  studies on the  sodium dual a l k a l i  scrubbing process 
i nd i ca te  t h a t  i t  i s  a feas ib le  method o f  scrubbing the  products o f  combustion o f  mustard 
agent. High removal e f f i c i e n c i e s  (over 99 percent)  o f  bo th  HC1 and SO2 may be obtained 
a t  s to ich iomet r ic  r a t i o s  o f  a l ka l i - t o -ac id  gas o f  about 1.9 o r  higher.  Removal 
e f f i c ienc ies  appear no t  t o  be a f fec ted  by ch lo r i de  i n  the  scrubber l i q u o r  w i t h  load ings  
as high as 8.6 percent C1- (14.3 percent NaCl). .Plugging o f  the  scrubber occurs a t  
ch lo r ide  loadings o f  over about 9 percent C1- (15 percent NaCl); however, t he  s o l i d s  
red isso lve  as the  ch lo r i de  content f a l l s .  Cake moisture content a t  t h i s  c h l o r i d e  
l eve l  was about 35 percent. 
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ORGANIC COMPOUNDS I N  EFFLUENTS RELATED TO COAL COMBUSTION 

G. A. Junk, J. J. Richard and M. J. Avery 

h e s  Laboratory, US DOE, Iowa State Un ive rs i t y ,  h e s ,  I A  50011 

ABSTRACT 

Organic compounds i n  the  var ious e f f l u e n t s  from the e f f i c i e n t  combustion o f  coa l  
a t  power p lan ts  do not appear t o  be an environmental problem. This  conclus ion i s  
based on i n t e r p r e t a t i o n  o f  r e s u l t s  obtained dur ing a f i ve -yea r  s tudy o f  samples o f  
s tack gas, s l u i c e  water, and f ly, stack and grate ash from the combustion o f  coal  
alone and mixtures o f  coal and re fuse  der ived f u e l  (RDF).  Diox ins and furans were 
not  present i n  these samples a t  the de tec t i on  l i m i t  o f  10 ppT. Alkanes, ch lo r i na ted  
benzenes, po l ych lo r i na ted  b iphenyls  (PCBs), p o l y c y c l i c  aromatic hydrocarbons (PAHs), 
a l i p h a t i c  acids and other  miscel laneous compounds were found but  t he  mounts were 
below those found i n  ambient urban a i r .  These low l e v e l s  o f  organic  compounds are 
obtained o n l y  under steady s t a t e  condi t ions o f  h igh combustion temperature, excess 
oxygen, small f u e l  p a r t i c l e s  and s u f f i c i e n t  residence time. An added b e n e f i t  o f  c o a l  
combustion was the removal, presumably by adsorption, o f  aromatic contaminants from 
the water used t o  s l u i c e  the f l y  and grate ash. 

INTRODUCTION 

The re lease o f  organic p o l l u t a n t s  i n t o  the environmental from the  burn ing o f  
coal has been o f  pe r iod i c  concern ever since the i n d u s t r i a l  r e v o l u t i o n  i n  England. 
This concern has resurfaced r e c e n t l y  due t o  the s h i f t  t o  coal as the  major f u e l  f o r  
generating e l e c t r i c i t y  i n  the  U.S.A. 

Because o f  t h i s  environmental concern, an extended study o f  t he  Pmes power p l a n t  
f o r  generating e l e c t r i c i t y  was begun i n  1977. This study inc luded a l l  types o f  po l -  
l u t a n t s  such as NO,, SO,, t o t a l  suspended p a r t i c l e s ,  f l y  ash, g ra te  ash, and 
t r a c e  elements as we l l  as t h e  organic  compounds from the  combustion o f  coal alone and 
mixtures o f  coal and refuse der ived f u e l  (RDF). The r e s u l t s  i n  t h i s  r e p o r t  are con- 
f i n e d  t o  the  organic  compounds found i n  a l l  o f  the so l i d ,  l i q u i d  and gaseous e f f l u -  
ents  re1 ated t o  the combust i on  processes. 

f o r  the cha rac te r i za t i on  o f  organic compounds i n  the  va r ious  e f f l u e n t s .  Thus, p r i o r -  
i t y  was given to :  1) i d e n t i f y i n g  the  a n a l y t i c a l  d i f f i c u l t i e s ;  2) dev i s ing  methods t o  
resolve the most c r i t i c a l  problems; and 3) using evolv ing methodologies t o  determine 
those components judged t o  pose a t h r e a t  t o  the environment. 

As an aid i n  es tab l i sh ing  the a n a l y t i c a l  problems, publ ished data were compiled 
and reviewed f o r  coal combustion and waste i n c i n e r a t i o n  (1) .  Important conclusions 
drawn from t h i s  review were: 1) o n l y  a l i m i t e d  number o f  organic  components had been 
i d e n t i f i e d  i n  the e f f l u e n t s ;  2) the i d e n t i f i e d  components r e f l e c t e d  a n a l y t i c a l  capa- 
b i l i t i e s  and i n t e r e s t s  r a t h e r  than a t r u e  d i s t r i b u t i o n ;  3) r e l i a b l e  q u a n t i t a t i v e  d a t a  
were not avai lab le;  and 4) the data base was i n s u f f i c i e n t  f o r  p r e d i c t i n g  the probable 
environmental e f f e c t s  associated w i t h  the combustion o f  coa l .  

these t o  be inadequate f o r  the determinat ion o f  organic compounds i n  combustion e f -  
f l uen ts ;  o f  special concern were the  short-comings i n  sample c o l l e c t i o n  methods. 
These short-comings are del ineated i n  a review published r e c e n t l y  (2 ) .  
these sampling uncer ta in t ies,  the continuous development and v a l i d a t i o n  o f  new pro- 
cedures and sampling systems was an essen t ia l  element o f  t h i s  study. 

t i v e  improvements i n  ex t rac t i on ,  separation, i d e n t i f i c a t i o n  and q u a n t i t a t i o n  o f  o r -  
ganic  compounds. 
the po lycyc l i c  aromatic hydrocarbons (PAHs), po l ych lo r i na ted  b iphenyls  (PCBs), 

A t  the s t a r t  o f  t h i s  study i n  1977, the a n a l y t i c a l  methodology was inadequate 

A c r i t i c a l  examination o f  the ana ly t i ca l  procedures used p r i o r  t o  1977 showed 

Because o f  

Coincident w i t h  the development o f  sampling procedures were the  constant i t e r a -  

Special emphasis was placed on se lected compound classes such as 
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ch lo r i na ted  benzenes, and ch lo r i na ted  dibenzo-p-dioxins (d iox ins ) .  The best a v a i l -  
ab le procedures were used t o  determine these components because they have known acute 
o r  chronic  e f f e c t s  and prev ious s tud ies  suggested t h a t  they might be present i n  e f -  
f l u e n t s  from the  combustion o f  coal alone and combination coal/RDF. 

EXPERIMENTAL SECTION 

SAMPLING PROCEDURES 

Stack Vapor.-Vapor phase organic  components present i n  the stack e f f l u e n t  were sam- 
p led  by three d i f f e r e n t  procedures. An EPA Method 5 t r a i n  was equipped w i th  an o r -  
ganic module and used dur ing t h e  e a r l y  stages. 
pass over the accumulated p a r t i c l e s  dur ing the  e n t i r e  sampling per iod and thus gave 
r i s e  t o  the  p o s s i b i l i t i e s  o f  adsorption, subl imat ion and chemical t ransformat ions o f  
organic  components. 
p lanted by a Source Assessment Sampling System (SASS). This system allowed l a r g e r  
volumes o f  gas t o  be sampled and reduced the contact  between accumulated p a r t i c l e s  
and the stack gas. 
when the on ly  goal was t o  ob ta in  a sample o f  vapor phase components. A t h i r d  sm- 
p l i n g  system was the  h e s  Vapor Sampling System (AVSS) described by Junk and Richard 
( 3 ) .  This sampling system l a r g e l y  e l iminated contact  between vapor phase components 
and p a r t i c l e s .  
components from ve ry  m i l d  atmospheres such as ambient a i r  and very severe atmospheres 
such as stack gas. 

Stack Ash.-Samples o f  stack ash were obtained using the  EPA Method 5 and the SASS. 
Dn occasion, l a r g e  m o u n t s  o f  stack ash were c o l l e c t e d  convenient ly  by  p lac ing a 
custom-designed t r a y  i n t o  the stack f o r  24 hours. This t r a y  c o l l e c t e d  the p a r t i c l e s  
t h a t  s e t t l e d  from t h e  d i s tu rbed  gas stream. 

F1 Ash.-Fly ash samples were c o l l e c t e d  d i r e c t l y  from the  hoppers o f  t he  cyclone and 

This sampler allowed the  stack gas t o  

When the equipment became avai lab le,  the Method 5 t r a i n  was sup- 

The complex i ty  o f  the SASS made t h i s  system undesirable for use 

The AVSS prov ided a simple and e f f e c t i v e  accumulation o f  organic 

+ e e c t r o s t a t i c  p r e c i p i t a t o r  used f o r  p a r t i c l e  con t ro l .  

Grate Ash.-Grate ash samples from s t o k e r - f i r e d  u n i t s  were c o l l e c t e d  from hoppers 
l o c a t e d  below the  grates.  
from the b o i l e r s  by  s l u i c i n g  so samples were obtained by  f i l t e r i n g  the s lu i ce  water 
c o l l e c t e d  at  t h e  o u t l e t  o f  the p ipe used t o  t ranspor t  the s lu i ced  ash t o  a s e t t l i n g  
pond. Add i t i ona l  ash samples were c o l l e c t e d  from the s e t t l i n g  pond as sediment sam- 
ples.  

Grate ash from the t a n g e n t i a l l y - f i r e d  u n i t s  was removed 

EXTRACTION PROCEDURES 

Adsorbents.-A macro re t i cu la r  res in ,  XAD-2, was used as the adsorbent i n  the AVSS, the 
SASS and the EPA Method 5 sampling t r a i n .  Organic compounds accumulated on the  res in  
were recovered by  e l u t i o n  w i t h  methylene ch lo r i de .  D ie thy l  e ther  was used as an 
e luent ,  instead o f  methylene ch lo r i de ,  when subsequent determinations were performed 
b y  gas chromatography w i t h  e l e c t r o n  capture detect ion.  Other e luents  and desorpt ion 
techniques were t e s t e d  and found t o  o f f e r  no s i g n i f i c a n t  advantages ( 3 ) .  

Water Condensates.-When stack gas was cooled du r ing  sampling, water vapor condensed. 
The organic components i n  these condensates were ext racted w i t h  methylene ch lo r i de .  
Diethy le ther ,  pentane and isooctane were used as a l t e r n a t i v e  e x t r a c t i o n  so lvents  when 
subsequent gas chromatographic determinations requi red the use o f  e lec t ron  capture 
detectors .  

Ashes (Part icles).-Because the re  were no standard and accepted procedures among the 
many described i n  t h e  l i t e r a t u r e  f o r  the e x t r a c t i o n  o f  organic components from p a r t i -  
c l es ,  several techniques were c r i t i c a l l y  evaluated. Soxhlet e x t r a c t i o n  w i t h  benzene, 
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benzene-methanol, benzene saturated w i t h  hydrogen ch lo r i de ,  t o1  uene, to1  uene-metha- 
no l ,  and methylene c h l o r i d e  were evaluated. Sonic ex t rac t i ons  using a probe or  a 
bath w i t h  a v a r i e t y  o f  so lvents  and pretreatment procedures us ing aqueous ac ids and 
water were also tested. No technique resu l ted  i n  s i g n i f i c a n t  improvement i n  the 
e x t r a c t i o n  o f  t h e  cross-sect ion o f  d i f f e r e n t  organic components associated w i t h  the  
var ious p a r t i c l e  e f f l u e n t s .  Consequently, t he  t r a d i t i o n a l  soxhlet  e x t r a c t i o n  using 
benzene-methanol was used most f requen t l y .  

CLASS SEPARATIONS 

Chromatographic and so lvent  p a r t i t i o n i n g  procedures were used t o  separate organ- 
i c  components recovered from p a r t i c l e s  i n t o  chemical classes t o  f a c i l i t a t e  t h e i r  
u l t i m a t e  determinations i n  l ess  complex mixtures.  The procedure inc luded t h e  separa- 
t i o n  o f  PAHs on Sephadex ( 4 )  and the  separat ion o f  components on the b a s i s  o f  p o l a r i -  
t y  using alumina (5), s i l i c a  gel (6), F l o r i s i l  ( 7 ) ,  t he  polystyrene-divinylbenzene 
r e s i n  XAD-4 (E), and the  t r a d i t i o n a l  so lvent  p a r t i t i o n i n g  i n t o  acid, base and neu t ra l  
f rac t i ons .  Preparatory scale, normal-phase, high-performance l i q u i d  chromatography 
w i t h  m i n e  and cyano columns was used t o  separate mixtures on the  bas i s  o f  p o l a r i t y  
and t o  p a r t i a l l y  separate PAHs (9 ) .  

non-polar and po la r  organic  compounds which i n t e r f e r e d  w i t h  the  gas chromatographic 
separations. The i n t e r f e r i n g  compounds were removed us ing standard so lvent  p a r t i -  
t i o n i n g  w i th  DMSO ( l o ) ,  DMF ( l l ) ,  o r  nitromethane (12).  

COMPOUND SEPARATIONS 

The Soxhlet e x t r a c t i o n  of p a r t i c l e s  w i t h  benzene-methanol y ie lded  PAHs p lus  many 

Gas chromatography was used f o r  t he  separat ion o f  i n d i v i d u a l  organic  components. 
Columns packed w i th  Dexsi l  300 (Supelco Inc., Bel le fonte,  PA) provided the  separat ion 
o f  t he  high b o i l i n g  po in t  PAHs du r ing  t h e  e a r l y  stages o f  t h i s  study. Later, as the  
column technology advanced r a p i d l y ,  c a p i l l a r y  columns coated w i t h  SE-52 and SE-54 
(J&W S c i e n t i f i c ,  Rio Rancho, CA) were used almost exc lus i ve l y .  These columns were 
found t o  be appl icable t o  the e f f i c i e n t  separat ion o f  a d iverse assortment o f  organic  
components i n  complex mixtures.  

IDENTIFICATION AND QUANTITATION 

Combination gas chromatographylmass spectrometry (GC/MS) was used f o r  t h e  iden- 
t i f i c a t i o n  o f  t he  organic  components ex t rac ted  from the var ious combustion e f f l u e n t s .  
Q u a n t i t a t i o n  o f  organic components was normal ly  obtained using ex te rna l  standards and 
gas chromatography. The q u a n t i t a t i o n  by gas chromatography was p e r i o d i c a l l y  checked 
on randomly chosen samples using appropr ia te techniques o f  combination GC/MS. 

CONFIRMATIONS AND VALIDATIONS 

For p o s i t i v e  i d e n t i f i c a t i o n s  by G U M S ,  t h e  f u l l  mass spectrun o f  a t e n t a t i v e l y  
i d e n t i f i e d  component was compared t o  the  mass spectrum o f  an authent ic  sample. 
t he  spect ra were i d e n t i c a l ,  w i t h i n  experimental er ror ,  and i f  the  gas chromatographic 
r e t e n t i o n  t imes o f  standard and unknown components on a 30-meter SE-54 fused s i l i c a  
c a p i l l a r y  column agreed w i t h i n  twu seconds, t he  i d e n t i f i c a t i o n  was considered pos i -  
t i v e .  When the mount  o f  ma te r ia l  present was i n s u f f i c i e n t  f o r  d e t e c t i o n  using f u l l  
scan GC/MS techniques, t he  more s e n s i t i v e  s i n g l e  and m u l t i p l e  i o n  mon i to r i ng  
techniques were employed. Conf i rmat ion i n  these cases consis ted o f  coincidences o f  
r e t e n t i o n  times o f  mass chromatograms o f  the unknown and o f  t he  au then t i c  sample. 
For ch lo r i na ted  mater ia ls ,  t he  molecular ions contained add i t i ona l  i n fo rma t ion  about 
the c h l o r i n e  isotope d i s t r i b u t i o n .  Conf i rmat ion i n  those cases inc luded the co r rec t  
i so tope  r a t i o s  f o r  the number o f  ch lo r i nes  i n  the molecule. 

Va l i da t i on  o f  the methodology used f o r  components t h a t  could not be detected i n  
e x t r a c t s  o f  p a r t i c l e  samples was obtained by extract. ion o f  surrogate samples. 

If 

i 
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surrogate sample for  PAHs was soot generated from an a i r - s ta rved  methane flame. 
p o s i t i v e  r e s u l t s  obta ined from t h i s  soot sample have been repor ted elsewhere (13). 
The surrogate sample fnr d iox ins  was an i n c i n e r a t o r  ash obtained from Dow Chemical 
Company. 
t h e  published va lues f o r  the t e t r a - ,  hexa-, hepfa- and octachloro-  isomers (14). 
Th i s  agreement subs tan t i a ted  the v a l i d i t y  o f  the a n a l y t i c a l  p ro toco l  used t o  screen 
t h e  e f f l u e n t  samples f o r  d i o x i n  compounds. 

The 

Resul ts  obta ined from analys is  o f  ex t rac ts  o f  t h i s  ash sample were ?50% o f  

RESULTS AND DISCUSSIONS 

IDENTIFIED COMPONENTS 

A combined l i s t i n g  o f  a l l  t he  compounds i d e n t i f i e d  i n  e x t r a c t s  o f  t h e  vapor and 
p a r t i c l e s  i n  the  stack, f l y  and grate ash e f f l u e n t s  from the combustion o f  coal a t  
t h e  Ames power p l a n t  are l i s t e d  i n  Table I. 
e x t r a c t s  from a second c o a l - f i r e d  power p lan t  located at  Iowa State Un ive rs i t y .  
Therefore, t h i s  l i s t  may be p a r t i a l l y  rep resen ta t i ve  o f  coal combustion i n  semi-mod- 
e r n  b o i l e r s .  Cer ta in l y ,  many more organic  compounds than the l i s t e d  78 are present 
i n  these e f f l u e n t s  but so f a r  these have not  been p o s i t i v e l y  i d e n t i f i e d .  Indeed, a 
1980 review o f  organic  compounds from coal combustion (1) taken from a l l  the l i t e r a -  
t u r e  repo r t s  had o n l y  106 compounds i d e n t i f i e d .  

S im i la r  compounds have been observed f o r  

Table I. L i s t  o f  Organic Compounds Present i n  E f f l u e n t s  From Coal Combustion 
~~ - ~~~ 

ALKANES - Methane, Decane, Undecane, Hexadecane, Heptadecane, Octadecane, Nonadecane, 
E i  cosane, Henei cosane, Docosane, Tr icosane, Pent acosane, Hexacosane, Octacosane, 
Triacontane, Dotr iacontane, Trimethylcyclohexane, Oimethylcyclohexane 

AROMATICS - Toluene, Xylene, Propylbenzene, Butylbenzene, Biphenyl, Terphenyl, 
Naphthalene, 1-Methylnaphthalene, 2-Methylnaphthalene, Methylindene, Acenaphthene 

PAHs - Benz(a)pyrene, Anthracene, Fluoranthene, Fluorene, Pyrene 
ACIDS - 2-Ethyl butanoic ,  Nonanoi c, Decanoic, Dodecanoic, Tr idecanoi c, Tetradecanoic, 

Pent adecanoic , 9-Hexadecenoic , Hexadecanoic, Heptadecanoic , Octadecanoic, Benzoic 
PHENOLS - Phenol, o-Cresol, Ethylphenol, Butylphenol, 2.4-Dichlorophenol, 

2,4,6-Trichlorophenol 
CL COMPOUNDS - Tetrachloroethy lene,  Tetrachloroethane, 1.2-Dichlorobenzene, 

1,3-Dichlorobenzene, 1,4-Dichlorobenzene, 1,2,4-Trichlorobenzene, 
1,2,3-Trichl orobenzene, 1,2,3,4-Tetrachl orobenzene, 1,2,3,5-Tetrachlorobenzene, 
Pent achl orobenzene, Hexachl orobenzene, 2,3,2 I ,5 ' -Te t rach lo rob i  phenyl a, 
2,5,3' ,4'-Tetrachlorobiphenyl, 2,4,5,2' ,5'-Pentachlorobiphenyl, 
2,4,5,2' ,4' ,5'-Hexachl orobiphenyl 

0, N, P, S COMPOUNDS - Acetophenone, Methylacetophenone, Ph tha l i c  Anhydride, 
Methylbenzoate, Indanone, Dibenzofuran, D ie thy l  phthalate,  D ibu ty lph tha la te ,  
D i  i sobu ty lph tha l  ate, D i  (2-ethylhexy1)phthalate. Diphenylamine 

a The c h a r a c t e r i s t i c  Arochlor  1254 p r o f i l e  was observed but o n l y  fou r  isomers were 
p o s i t i v e l y  confirmed. 

QUANTITATION 

It was not poss ib le  t o  ob ta in  exact q u a n t i t a t i v e  values f o r  a l l  t he  i d e n t i f i e d  
components associated w i t h  each o f  the e f f l u e n t s  from coal combustion. The mounts 
va r ied  because o f  t h e  a n a l y t i c a l  problems mentioned i n  the  experimental sec t i on  and 
d i f f e r e n t  f i r i n g  cond i t i ons .  However, semi -quan t i t a t i ve  values have been obtained 
fo r  many o f  t he  components and these values are proposed t o  be reasonable estimates 
o f  the amounts o f  o rgan ic  compounds expected from the e f f i c i e n t  combustion o f  coal i n  
a modern power p l a n t .  
amounts i n  the  var ious e f f l u e n t s  i s  g iven below. I n  general,  t he  moun ts  are much 
lower than would be p red ic ted  from a rev iew o f  t h e  l i m i t e d  q u a n t i t a t i v e  data 
a v a i l a b l e  i n  the  l i t e r a t u r e .  

A d iscuss ion o f  some important compound classes and the  
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Po lycyc l i c  Aromatic Hydrocarbons (PAHs).-The most h i g h l y  s tud ied c lass  o f  compounds 
i n  combustion e f f l u e n t s  i s  the PAHs. 
amounts present i n  the  vapor phase and on p a r t i c l e s  i n  the e f f l u e n t s  from t h e  e f f i -  
c i e n t  combustion of coal  i s  ava i l ab le .  
in format ional  gap. 
condi t ions and the stack temperature t h a t  was - 240°C. Even i f  a l l  these PAHs were 
t o  condense on the p a r t i c l e s ,  t he  amounts are we l l  below the  m u l t i p l e  pg/g q u a n t i t i e s  
present on a b i e n t  a i r  p a r t i c l e s .  

However, very  l i t t l e  i n fo rma t ion  about the 

The data i n  Table I1 p a r t i a l l y  f i l l s  t h i s  
The amounts i n  the vapor phase var ied according t o  the f i r i n g  

Table 11. Sumary o f  PAHs i n  E f f l u e n t s  From Coal-Fired Power Plants  

Compound 
Respi rab le Non-Respirable 
P a r t i c l e s  P a r t i c l e s  

Naphtha1 ene 
Phenanthrene 
Anthracene 
F1 uoranthene 
Pyrene 
Chrysene 
Benz( a)pyrene 
Benz( a) anthracene 
Benz( ghi )pe ry l  ene 

NOa-18 

0.2-0.3 
0.2-7 

NO 
ND 
ND 
NM 

0.5-23 

0.05-1.5 
0 .08-1.1 

ND-4 

ND-0.3 
ND 

NM 

Concentrat ion Range (ng/g) 
Conc. Range 
Vapor Phgse 

(ng/M3 1 
10-1800 
26-640 

0.4-100 
0.5-240 
0.2-2850 
0.1-28 
0.1-120 

N M ~  
3-22 

ND = Not detected at the l i m i t  o f  0.05 ng/g. 
Includes values repor ted by Midwest Research I n s t i t u t e  (15, 16). 
NM = Not measured. 

Alkanes and Aromatics.-The d i s t i n c t i o n  between aromatic and p o l y c y c l i c  was a r b i t r a r -  
i l y  set a t  three conjugated six-member r i n g s  i n  Table I. 
alkane and aromatic hydrocarbons w i t h  30 e n t r i e s  dominate the l i s t  o f  i d e n t i f i e d  
components. 
d i f f e ren t  e f f l uen ts .  O r d i n a r i l y  t h e i r  concentrat ions were not  measured because o f  a 
low i n t e r e s t  i n  these k inds o f  compounds bu t  i n  those instances where measurements 
were made, the moun ts  ranged from 10-1500 ng/M3 i n  the vapor phase and from 10-90 
ng/g on the  suspended p a r t i c l e s  i n  the stack e f f l u e n t s .  These hydrocarbons were n o t  
quan t i t a ted  f o r  any o f  the f l y  and grate ash samples. 

A l i  h a t i c  Acids and Phenols.-Eleven a l i p h a t i c  acids and s i x  phenols were determined 
as !onsti tuents o f  t he  vapor phase and associated with p a r t i c l e  e f f l u e n t s .  These 
ac id i c  compounds and the  amounts are l i s t e d  i n  Table 111. A range o f  values from 
20 d i f f e ren t  sampling runs i s  shown f o r  t he  C9, C12, C14, C16 and C18 acids and phe- 
no l  t o  i l l u s t r a t e  the  f l u c t u a t i o n s  t h a t  can occur i n  the  amounts o f  organic acids i n  
t h e  eff luents. The extent  o f  t he  v a r i a t i o n  a t t r i b u t e d  t o  changes i n  f i r i n g  condi- 
t i o n s  and a n a l y t i c a l  d i f f i c u l t i e s  i n  the determinat ions i s  unknown and needs f u r t h e r  
study. 

Polychlor inated Biphenyls  (PCBs) .-The PCBs were observed i n  the  stack e f f l u e n t s  du r -  
i n g  the combustion o f  coal but these compounds were not  produced i n  the  combustion 
process by a de novo synthes is  o r  from precursor compounds. The source o f  t he  PCBs 
was the a i r  u s e d s u p p o r t  t he  combustion. This indoor a i r  contained 0.13 pg/M3 o f  
p c ~ s ;  t h e  concentrat ion o f  PCBs i n  the  stack gas was o n l y  0.02 pg/M3 when coal con- 
t a i n i n g  no detectable l eve l  o f  PCBs was burned. For perspective, t h i s  emission l e v e l  
should be compared t o  the  average ambient a i r  l e v e l  o f  about 0.006 pg/M3. 

RDF, the amount o f  PCBs i n  the  stack remained at  t he  low l e v e l  o f  0.02 pg/M3. 

With t h i s  d e f i n i t i o n  the  

These compounds are also present i n  t h e  h ighest  concentrat ion i n  t h e  

When the coal f u e l  was supplemented with ROF conta in ing 8500 pg o f  PCBs/Kg o f  
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Table HI. Summary o f  Ac id ic  Compounds i n  E f f l uen ts  From Coal-Fired Power Plants 

Ac id  

Concentrat ion Rangea 

Vapor P a r t i c l e s  

2-Et hy l  b u t  anoi c 
Nonanoic 
Decanoic 
Dodecanoic 
T r i  decanoic 
T e t r  adec anoic 
Pentadecanoi c 
9-Hexadecenoic 
Hexadecanoic 
Heptadecanoic 
Octadecanoic 
Phenol 
o-Cresol 
Butylphenol  
2,4-Dichlorophenol 
2,4,6-Trichlorophenol 
Pentachlorophenol 

200 
20-250 
10 
80-800 

100-300 
NM 

90 
50 
40-300 

NM 
80 
20-200 

NM 
NM 
NM 
NM 
NM 

N M ~  
NM 
20 
90 
10 

8-600 
50 
NM 

40-270 
20 
40-150 
25-1000 

NM 
NM 

0.1 
0.05 
0.2 

a ng/M) f o r  vapors and ng/g f o r  p a r t i c l e s .  Where a range i s  l i s t e d ,  
these se lec ted  components were measured in  26 ex t rac ts .  
NM = Not measured. 

Ca lcu la t ions  based on f u e l  inputs,  stack gas flow, support gas input  and PCBs i n  a l l  
t h e  inputs and e f f l u e n t s  showed t h a t  99% o f  t he  PCBs i n  the input  ROF were destroyed 
i n  the  combustion process. The d e t a i l s  o f  t h i s  i nves t i ga t i on  o f  the  co-combustion o f  
coal  and RDF c o n t a i n i n g  PCBs have been publ ished elsewhere (17).  

The exp lanat ion  o f  the  h igh  des t ruc t ion  e f f i c i e n c y  f o r  t he  PCBs i n  the  RDF i s  
e f f i c i en t  combustion based on a combination o f  h igh temperature (- 2000'F), excess 
oxygen a t  22%, and adequate residence t ime and s u f f i c i e n t  turbulence f o r  the small 
coal  and RDF p a r t i c l e s  i n  the  combustion zone. This same combination o f  combustion 
cond i t ions  i s  the  probable exp lanat ion  f o r  t he  undetectable l e v e l s  o f  TCDD discussed 
below. 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCOD).-At the  de tec t ion  1 i m i t  o f  ten  pa r t s  per 
t r i l l i o n ,  no TCDD was found i n  the  e f f l uen ts  from the combustion o f  coal  i n  th ree  
d i f f e r e n t  b o i l e r s  a t  t he  Ames power p lan t  (see sumnary t a b l e  i n  reference 16 f o r  
desc r ip t i on  o f  b o i l e r s ) .  
f i r e d  power p l a n t  l oca ted  at Iowa Sta te  Un ive rs i t y .  Even when the  coal f ue l  was 
supplemented w i t h  RDF, which should conta in  t h e  precursor compounds, no d iox ins  were 
observed i n  t h e  vapor and p a r t i c l e  samples taken from t h e  e f f l u e n t s .  Thus no de novo 
synthesis occurred du r ing  the combustion o f  coal  alone and i f  d iox ins  were for- 
from precursor compounds i n  t h e  co-combustion o f  coal and RDF, t h e y  were destroyed i n  
t h e  e f f i c i e n t  combustion as explained above f o r  t he  thermal d e s t r u c t i o n  o f  t he  PCBs 
present i n  t h e  RDF. The PCBs are destroyed a t  1200'F (18) and a s i m i l a r  temperature 
i s  expected f o r  the  d iox ins .  This i s  we l l  below the 2000'F opera t ion  o f  the b o i l e r s  
used for t h i s  study (19). 

Chlor inated Benzenes.-Ten ch lo r i na ted  benzenes were ta rge ted  fo r  ana lys is  i n  t h e  
stack e f f luen ts .  The a n a l y t i c a l  r e s u l t s  when coal alone was combusted are shown i n  
Table I V .  When the  coal  f u e l  was supplemented with ROF up t o  20%, no cons is ten t  
increase i n  t h e  m o u n t s  o f  the  ch lo r ina ted  benzenes occurred although ba re l y  

This observat ion was confirmed at  a second smal ler  coal-  
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detectable amounts o f  the te t ra - ,  penta- and hexa- isomers were observed du r ing  some 
of eleven d i f f e r e n t  combustions o f  coal w i t h  20% RDF. Based on these r e s u l t s  it 
appears as i f  the dichlorobenzenes, repor ted t o  be present i n  the RDF a t  the 8000 
ug/Kg leve l  (15, 16), were the rma l l y  destroyed w i t h  h igh e f f i c i e n c y  i n  much t h e  same 
manner as t h a t  documented above f o r  the PCBs present i n  the  RDF. 

Table I V .  Chlor inated Benzenes i n  Stack E f f l u e n t  From Coal-Fired Power P lan ts  

Chlorobenzene 
Isomer 

Concentrat ions 
ng / M3 

1,2-Dichloro- 
1.3-Dichloro- 
1,4-Dichloro- 
1,2,3-Tr i c h l  oro- 
1,2,4-Trichloro- 
1,2,3,4-Tetrachloro- 
1,2,3,5-Tetr achl oro-  
l12.4,5-Tetrachl oro-  
Pent achl oro-  
Hexachl oro- 

0.5 
NOa 

3.9 
1.2 
NO 
NO 
NO 
NO 
NO 

80 

a NO = Not detected at  l i m i t  o f  0.03 ng/M3; average 
o f  three runs. 

The environmental e f f e c t s  from the m i s s i o n  o f  these ch lo r i na ted  benzenes are 
estimated t o  be i n s i g i f i c a n t  because o f  the low l e v e l s  and the f u r t h e r  d i l u t i o n  by 
f a c t o r s  o f  l o 3  t o  105 i n  the  atmosphere before any human o r  p l a n t  exposure. 

S l u i c e  Mater.-There i s  a leg imate concern over the  re lease o f  p o l l u t a n t s  i n t o  t h e  
water environment fo l l ow ing  the u t i l i z a t i o n  o r  d isposal  o f  the huge mounts o f  f l y  
and grate ash produced dur ing the  combustion o f  coal .  
t he  i nves t i ga t i on  o f  the poss ib le  re lease o f  organic  p o l l u t a n t s  o n l y  when f l y  and 
g r a t e  ash are s lu i ced  t o  s e t t l i n g  ponds and re ta ined  the re  as a d isposal  s i t e .  The 
water i n  the s e t t l i n g  pond was checked p e r i o d i c a l l y  f o r  organic  compounds known t o  be 
present a t  low concentrat ions on t h e  ash. 

None o f  these known components were detected i n  the water a t  the conservat ive 
l i m i t  o f  one ppB. 
organic  compounds a t  the de tec t i on  l i m i t  o f  0.1 ppB even though the  we l l  water used 
f o r  s l u i c i n g  contained m u l t i p l e  ppB l e v e l s  o f  aromatic compounds i n d i c a t i v e  o f  t he  
coa l  t a r  t h a t  had contaminated the aqu i fe r  (19). Thus, t h e  ash e f f l u e n t s  from coal 
combustion appear t o  adsorb r a t h e r  than re lease organic  compounds i n t o  the  water. 

t o  50 ppB o f  f i v e  aromatic hydrocarbons was mixed w i t h  f l y  ash f o r  ten minutes at  a 
water to  ash weight r a t i o  o f  10 t o  1. I n  t h i s  sho r t  contact  time, the f l y  ash com- 
p l e t e l y  removed the  organic components; t h i s  i s  v i v i d l y  i l l u s t r a t e d  by the  two gas 
chromatograms shown i n  F igure 1. 
a c t i v e  forms o f  carbon, aluminun and s i l i c o n  expected t o  be present i n  f l y  ash. Fo r  
organic  compounds then, f l y  ash provided des i rab le  clean-up r a t h e r  than undesi rab le 
contamination o f  water. 

Our s tud ies were r e s t r i c t e d  t o  

Indeed, t h i s  pond water d i d  not con ta in  any gas chromatographable 

This adsorpt ion fea tu re  was examined i n  an experiment where water con ta in ing  20 

The e f f e c t i v e  adsorpt ion i s  probably  due t o  the 
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BEFORE 

AFTER 

Figure 1. 
Clean-up o f  water by coal combustion f l y  ash. 
BEFORE - cap i  11 a r y  column GC chromatogram 
w i t h  l e f t  t o  r i g h t  major peaks being 
indan, 3-methylindene, naphthalene, 
1-methylnaphthalene and acenaphthylene a t  
50 t o  80 ppB i n  water before contact  w i t h  
f l y  ash. 
AFTER - same chromatogram a f t e r  water 
contacted w i t h  f l y  ash f o r  t en  minutes. 

I L  
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EXHAUST GAS SAMPLING AND ANALYSIS IN SMALL-SCALE SYNFUEL COmUSTION. 

G.A. Gibbon, C.M. White, and L.J. Douglas 

U.S. Department of Energy 
Pittsburgh Energy Technology Center 

P.O. Box 10940 
Pittsburgh, PA 15236 

The Coal Science Division of the Pittsburgh Energy Technology Center has 
undertaken the development of a method for determining the trace level 
organics present in the hot exhaust gases from the combustion of liquid syn- 
fuels. This method development is part of a larger task to assess the 
possible environmental impact of substituting such synfuels for petroleum 
fuels in utility and industrial boilers. The studies were conducted in a 
fully instrumented 20-hp firetube boiler capable of burning any liquid fuel 
with handling and combustion properties ranging from those for No. 2 fuel 
oil to those for No. 6 fuel oil [l]. In addition, the boiler could be 
operated over a wide range of combustion conditions while varying such 
parameters as air/fuel ratio, fuel ,consumption rate, and steam generation 
rate. To achieve a consistent data base, all results of the combustion runs 
for all the fuels studied were compared to the base-line case of No. 2 fuel 
oil. 

The sampling of the hot exhaust gases for trace level organics was accom- 
plished by drawing a stream of the gases from the exhaust duct at a point 
about 10 feet above the firebox [l]. The duct surface temperature at the 
sampling point ranged from 21OoC to 25OoC depending on the combustor 
operating conditions. The gas sample stream was passed through a particu- 
late knock-out that was maintained at 140OC to remove large particles, and 
then through a glass spiral and an adsorbent resin bed maintained at 
7OoC [2,31. 

Before use, the adsorbent resin was rigorously cleaned by exhaustive Soxhlet 
extraction with water, methanol, diethyl ether, pentane, and methylene 
chloride. The organic solvents were either spectroscopic or liquid chroma- 
tographic grade. 

During a typical sampling run, 150-180 ft' of the exhaust gases were drawn 
through the sampler during 5-6 hours of combustor operation. The sampling 
was considered successful only if there were no upsets in combustion operat- 
ing during the run and if there was no visible deposit of particulates on 
the resin bed. 

Upon completion of a sampling run, the resin was removed from the sampler 
and Soxhlet-extracted with methylene chloride. The extraction solvent was 
then removed by evaporation, and the concentrate was analyzed by Gas 
Chromatography/Mass Spectrometry (GC/MS). An SE-50 capillary column 
(0.30 m x 19 m, 0.25-pm film) was used with helium as a carrier gas. 
Split-mode injection was used with the splitter operating at 275OC. All the 
alkanes and polycyclic aromatic hydrocarbons (PAH) reported here were 
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i d e n t i f i e d  by t h e i r  mass s p e c t r a l  p a t t e r n s  and by cochromatography wi th  
a u t h e n t i c  samples .  

The t a b l e  summarizes t h e  q u a l i t a t i v e  r e s u l t s  for t h e  r e f e r e n c e  No. 2 f u e l  
o i l  and f o r  5 a d d i t i o n a l  f u e l s ,  i nc lud ing  No. 6 f u e l  o i l ,  s e v e r a l  coa l -  
de r ived  l i q u i d s ,  and a biomass-derived l i q u i d .  Est imated r e l a t i v e  amounts 
fo r  t h e  compounds are denoted i n  t h e  t a b l e  as fo l lows :  L = low, M = medium, 
H I h igh ,  VL I very low, and ND = n o t  d e t e c t e d .  The chromatograms r e p r e s e n t  
t he  to ta l  sample e l u t i n g  from t h e  column, w i t h  a minimum d e t e c t a b l e  amount 
of abou t  1 ng (VL) and a f u l l  scale re sponse  (H) of approximately 100 ng. 
While q u a n t i t a t i o n  of t h e  amounts of t h e  compounds is n o t  p o s s i b l e  because 
the  samples  were n o t  taken i s o k i n e t i c a l l y ,  an  i n d i c a t i o n  o f  t h e  total  hydro- 
carbons p r e s e n t  i n  t h e  exhaust  g a s e s ,  approximately 1 ppm, was ob ta ined  by a 
flame . i o n i z a t i o n  d e t e c t o r  mounted a d j a c e n t  to t h e  sample p o r t  used f o r  t h i s  
s tudy . 
The No. 2 f u e l  o i l  used was a pure ly  a l i p h a t i c  material, and t h e  PAH 
observed i n  t h e  exhaus t  gases  are thought  to  be formed d u r i n g  t h e  combustion 
process .  The presence  o f  t h e  a l k a n e s  s u g g e s t s  t h a t  sma l l  amounts o f  t h e  
f u e l  are u n a f f e c t e d  by t h e i r  passage through t h e  combustion f i r e b o x .  The 
same o b s e r v a t i o n s  ho ld  f o r  t h e  No. 6 f u e l  o i l ,  sugges t ing  t h a t  t h e  molecular  
weight of t h e  f u e l  is n o t  an  important  v a r i a b l e  when both f u e l s  are burned 
under comparable c o n d i t i o n s .  

A l l  t h r e e  coa l -de r ived  f u e l s  (SRC, EDS, and H-Coal) g i v e  similar r e s u l t s ,  
showing PAH p r e s e n t  i n  t h e  o r i g i n a l  f u e l s  as well as those  formed dur ing  t h e  
combustion o f  t h e  fuel o i l s .  The biomass-derived f u e l  shows less PAH than  
e i t h e r  t h e  f u e l  o i l s  or t h e  coal-der ived o i l s .  Th i s  is presumably t h e  
r e s u l t  of t h e  h i g h  oxygen l e v e l  of t h e  f u e l .  Th i s  hypo thes i s  is supported 
by t h e  fact t h a t  no PAH a r e  observed when methanol is burned. 

The combustion of methanol i n  t h e  b o i l e r  was o r i g i n a l l y  done to  confirm t h e  
hypo thes i s  t h a t  h igh  oxygen l e v e l s  i n  t h e  f u e l  r e s u l t e d  i n  a low PAH l e v e l  
i n  t h e  exhaus t  g a s e s ,  and t o  v e r i f y  t h e  sampling and a n a l y t i c a l  
procedures  [SI. The f i r s t  methanol combustion test r e s u l t s  showed t h e  
presence of s a t u r a t e d  and a romat i c  hydrocarbons as well as d e t e c t a b l e  
amounts o f  o r g a n i c  s u l f u r  compounds, e .g . ,  d ibenzothiophene.  To account  f o r  
t h e s e  o b s e r v a t i o n s ,  an  ex tens ive  set of combustion expe r imen t s ,  u s ing  No. 2 
f u e l  o i l  and No. 2 f u e l  o i l  sp iked  wi th  d i i sop ropy lnaph tha lene ,  was con- 
ducted.  These exper- 
iments showed t h a t  t h e  unexpected r e s u l t s  could be a t t r i b u t e d  t o  a "memory 
e f f e c t "  i n  t h e  exhaus t  duc t  and/or  t h e  soot d e p o s i t s  on t h e  i n t e r i o r  sur- 
f a c e s  o f  t h e  d u c t  [ 4 ] .  

The r e s u l t s  f o r  t h e  EDS and H-Coal f u e l s  g iven  i n  t h e  t a b l e  were ob ta ined  
after t h e  methanol and sp iked- fue l  experiments .  The exhaus t  duc t  was 
cleaned between each s e t  o f  runs f o r  each f u e l  t o  avoid t h e  "memory e f f e c t "  
descr ibed above.  

A l l  t h e  extracts were r e t r o s p e c t i v e l y  examined f o r  t h e  p re sence  o f  n i t r o -  
po lycyc l i c  a r o m a t i c  hydrocarbons (nitro-PAH) us ing  e l e c t r o n  impact GC/MS. 
No nitro-PAH were found in  any o f  t h e  e x t r a c t s .  The l i m i t  o f  d e t e c t i o n  for 
the a n a l y s i s  was abou t  3 ng. I t  is p o s s i b l e  t h a t  any nitro-PAH presen t  were 
lost on t h e  s u r f a c e  of t h e  sample c o n t a i n e r  du r ing  s t o r a g e ;  however, t h i s  is 

The exhaus t  duc t  was r i g o r o u s l y  c l eaned  between runs .  
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deemed unlikely as no nitro-PAH have been found in extracts analyzed 
immediately after preparation. 

While the absence of quantitation makes rigorous comparison of the fuels 
impossible, it is valid to suggest that PAH are present in the exhaust gases 
when any of the fuels listed in the table are burned. The levels of the PAH 
emissions from the exhaust duct to the atmosphere were not measured in this 
study; however, they should not exceed the levels in the duct itself. In 
addition, the small experimental combustor had no exhaust gas cleanup equip- 
ment such as might be used on a large commercial apparatus. Thus the change 
from petroleum-derived liquid fuels to coal-derived liquids should not sig- 
nificantly increase the emission of  PAH to the environment. 

I' 

, 

I 
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endorsement or favoring by the United States Department of Energy. 

181 



Summary of GC/MS Data Obtained 
from Combustion Emissions Collected on XAD-2 

Compound 

Naphthalene 
2-Methylnaphthalene 
1-Methylnaphthalene 
Biphenyl 
2-Ethylnaphthalene 
2,6- & 2,7-Dimethylnaphthalene 
l,3- & 1,7-Dimethylnaphthalene 
1,6-Dimethylnaphthalene 
1,5-Dimethylnaphthalene 
Acenaphthene 
1,24imethylnaphthalene 
Acenaphthylene 
Dibenzofuran 
Fluorene 
9-Methylfluorene 
2-Methylfluorene 
1-Methylfluorene 
Dibenzothiophene 
Phenanthrene 
Anthracene 
Carbazole 
1-Phenylnaphthalene 
3-Methylphenanthrene 
2-Methylphenanthrene 
4-H-Cyclopento[def]phenanthrene 
9- h 4-Methylphenanthrene 
1-Methylphenanthrene 
2-Phenylnaph thalene 
Fluoran thene 
Benz [ e 1 acenaphthalene 
Benzo[def]dibenzothiophene 
Pyrene 
Retene 
Benzo[blfluorene 
4-Methylpyrene 
2-Methylpyrene 
Benzo[ghilfluoranthene 
Benzo[a]anthracene 
ChryseneITriphenylene 
Alkanes 

Detected in Combustion Emissions of 

No. 2 No. 6 
Fuel Oil Fuel O i l  SRC-I1 Biomass EDS H-Coal ---- 

H H  H H M M 
H L  L L H L 
H L  L L L L 
M L  M L M L 

L L H N D L L  
H ND M L M L 

L M ND M L L 
L L L ND L L 
L L L ND VL L 

M L  L L L H 
L L L ND L VL 
ND ND M ND L VL 

M L  L L M L 
M L  M M H H 

ND M ND ND ND ND 
ND ND M ND L VL 
ND ND ND ND VL VL 
M L M M VL VL 
H VH H H M M  

L VL L L L L 
ND VL M ND ND ND 
L L L L L L  
M M M L VL VL 
H M H L L L  

L L  L M L H 
L M L L VL L 
M M L VL VL L 
L L L M L L  
H H L H L L  

ND VL VL M L ND 
H M L L L ND 
H H H H L L  
ND ND VL ND ND ND 
L L M VL ND VL 

VL L L ND VL VL 
VL L L ND VL VL 
M VL ND L VL VL 
L VL ND ND VL VL 
L VL ND ND VL VL 
H H L VL L L 
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EVALUATION OF COAL D E R I V E D  LIQUIOS 
AS UTILITY BOILER FUELS 

EASTERN TEST 

David P. Bu r fo rd  

Research and Oevelopment Department 
Southern Company Services, I nc .  

P.O. Box 2625 
Blrmingham, Alabama 35202 

INTRODUCTION 

The syn the t i c  f u e l s  eva lua t i on  a t  M i s s i s s i p p i  Power Company's P lan t  Sweatt i s  
j u s t  one o f  a number o f  t e s t s ,  sponsored by the E l e c t r i c  Power Research I n s t i t u t e  
(EPRI) under p r o j e c t  RP 2112. t o  assess the  p o t e n t i a l  o f  coa l  derived. l i q u i d  syn- 
t h e t i c  f u e l s  as an a l t e r n a t i v e  o r  s u b s t i t u t e  f o r  l i q u i d  petroleum fue l s .  Speci f -  
i c a l l y .  t h e  work done a t  P l a n t  Sweatt examined the a p p l i c a b i l i t y  o f  s i x  l i q u i d  
syn the t i c  f u e l s  t o  a f u l l  scale, w a l l  f i r e d  u t i l i t y  b o i l e r .  E P R I  sponsored 
t e s t i n g  w i t h  syn the t i c  f u e l s  a t  o the r  s i t e s  inc luded small  sca le combustors, a 
Combustion Engineering w a l l - f i r e d  u t i l i t y  b o i l e r ,  a Combustion Engineering tan- 
g e n t i a l l y - f i r e d  u t i l i t y  b o i l e r ,  a combustion t u r b i n e  and d i e s e l  p i s t o n  engines 
w i t h  genera l l y  favorable r e s u l t s .  

(MPC) and Southern Company Services, Inc.(SCS). EPRI a l s o  con t r i bu ted  t h e  27,700 
b a r r e l s  o f  syn the t i c  f u e l  t o  t h e  t e s t  e f f o r t .  

OBJECTIVES 

The t e s t i n g  a t  P lan t  Sweatt was sponsored by EPRI, M iss i ss ipp i  Power Company 

The ob jec t i ves  o f  t he  t e s t  were t o :  

o Demonstrate the  use o f  coa l  de r i ved  l i q u i d s  as p o t e n t i a l  s u b s t i t u t e s  f o r  

o 

o 

petroleum f u e l  o i l  i n  a f u l l  scale, w a l l  f i r e d  u t i l i t y  b o i l e r .  
Assess the  p o t e n t i a l  f o r  m in im iz ing  n i t rogen  ox ide (NO,) emissions from 
t h e  s i x ,  h igh  fuel-bound n i t r o g e n  l i q u i d s .  
Obtain data on t h e  q u a n t i t y  and composit ion o f  o the r  emissions f rom t h e  
combustion o f  t he  syn the t i c  f u e l s  such as p a r t i c u l a t e  loading,  p a r t i c -  
u l a t e  morphology, hydrocarbons, ch lo r i des  and f l u e  gas a c i d  dew p o i n t  
temperature. 

replacement f u e l  f o r  o the r  e x i s t i n g  b o i l e r s  o r  as a design bas i s  f o r  new 
b o i l e r s .  
Compare and c o n t r a s t  t h e  cornbustion c h a r a c t e r i s t i c s  o f  t h e  two base l i ne  
f u e l s  and the  s i x  s y n t h e t i c  f u e l s  i n  terms o f  cornbustion e f f i c i e n c y ,  reg- 
u la ted  emissions and f u e l  handl ing.  

o Assess the  f u t u r e  u t i l i z a t i o n  o f  coal  der ived l i q u i d s  as a poss ib le  

o 

A t  the o r i g i n a l  w r i t i n g  o f  t h i s  paper, a l a rge  p o r t i o n  o f  t he  data r e q u i r e  
a d d i t i o n a l  reduc t i on  and ana lys i s .  Therefore, t he  r e s u l t s  and conclusions t h a t  
f o l l o w  have not  y e t  been sub jec t  t o  t h e  thorough i n v e s t i g a t i o n  t h a t  remains t o  be 
done as p a r t  o f  t he  E P R I  con t rac t .  

FACILITIES 

M iss i ss ipp i  Power Company's P lan t  Sweatt I s  located on Va l l ey  Road, 
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approximately f i v e  m i les  south o f  Meridian, M iss i ss ipp i .  i n  Lauderdale County. 
This s t a t i o n  has two i d e n t i c a l  steam u n i t s  l abe led  1 and 2 which were placed i n  
serv ice i n  1951 and 1953, respec t i ve l y .  Although ra ted  a t  40 MW, each u n i t  i s  
capable o f  genera t i ng  49 MW and w i t h  the  ons i te  39.4 MW combustion tu rb ine ,  rep- 
resent 4.5% o f  M i s s i s s i p p i  Power's generat ing capac i t y .  
Wilcox (BW),  balanced d r a f t ,  f r o n t  w a l l  f i r e d  ( 2  v e r t i c a l  x 3 h o r i z o n t a l  burner 
ma t r i x )  u n i t s  w i t h  welded cases. 
steam per  hour a t  E50 p s i g  and 900°F. 
gas or No. 6 o i l  and have no environmental c o n t r o l s  o f  any type. While t h i s  p lan t  
i s  normally r e s t r i c t e d  t o  p rov id ing  peaking c a p a b i l i t y  d u r i n g  t h e  summer, arrange- 
ments were made t o  i s o l a t e  U n i t  1, t h e  t e s t  u n i t ,  from economic d ispatch and t o  
se t  load based on t e s t i n g  requirements from September 1963 through December 1983 
t o  acconodate t h e  p r o j e c t  schedule. 

The b o i l e r s  are Eabcock & 

Each i s  designed t o  produce 425,000 pounds of  
Both are c u r r e n t l y  f i r e d  on e i t h e r  na tu ra l  

PROJECT ORGANIZATION 

The p r o j e c t  a t  P lan t  Sweatt was organized w i t h  Southern Company Serv ices as 
EPRI's prime c o n t r a c t o r  responsib le  f o r  p r o j e c t  management, p r o j e c t  d i r e c t i o n  and 
subcontractor performance. 
Eabcock 8 Wilcox(E&W) and KVE. E W  prov ided techn ica l  c o n s u l t a t i o n  and b o i l e r  
performance evaluat ions,  KVE prov ided combustion gas emission cha rac te r i za t i ons  
and supplementary techn ica l  consu l ta t i on .  Although no t  d i r e c t l y  subcontracted t o  
SCS, Radian, I nc .  prov ided f u e l  l o g i s t i c s  support and Contro l  Data Hea l th  Care 
Services ass i s ted  wi th  the  i n d u s t r i a l  hygiene program as p a r t  o f  the m u l t i - s i t e  
E P R I  work w i t h  s y n t h e t i c  f ue l s ,  RP 2112. 

Subcontracted t o  Southern Company Services were 

PLANT MODIFICATIONS 

Before t e s t i n g  could begin i n  September o f  1983. minor  mod i f i ca t i ons  t o  Plant  
Sweatt were requ i red  t o  accommodate t h e  ob jec t i ves  o f  t h e  work. 
addressed: 

F i ve  areas were 

(1)  Fuel f o rward ing  system 
(2 )  R a i l  t r a n s l o a d i n g  s i t e  
(3)  Burner a i r  r e g i s t e r s  
(4)  E x t e r i o r  ductwork 
( 5 )  I n d u s t r i a l  hygiene program 

The w e l l  documented aggressiveness o f  t he  syn the t i c  f u e l s  toward rubber-based 
gasketing m a t e r i a l  d i c t a t e d  the  design o f  a redundant f u e l  forward ing system of  
predominantly welded j o i n t s .  The few j o i n t s  t h a t  were gasketed were done so w i t h  
F l e x i t a l i c  gaskets(asbestosheta1)  which are r e s i s t a n t  t o  d e t e r i o r a t i o n  from syn- 
t h e t i c  f ue l s .  Th i s  redundant f u e l  system a l lowed U n i t  1 t o  operate concur ren t l y  
on na tu ra l  gas and a l i q u i d  f u e l  i n  any con f igu ra t i on .  I t  a l s o  prov ided t h e  f l e x -  
i b i l i t y  t o  t r a n s i t i o n  on l i ne  f rom l i q u i d  syn the t i c  f u e l  t o  e i t h e r  basel ine f u p l  a t  
t h e  burner f r o n t  should P lan t  Sweatt have been needed f o r  a p roduc t i on  type 
emergency. This redundant f u e l  system was designed t o  p rov ide  t h e  same l i q u i d  
pressures and f l o w  ra tes  t o  t h e  e x i s t i n g  Racer burner  components a t  t h e  b o i l e r  
f r o n t  as i n  normal No. 6 f u e l  o i l  operat ion.  

t h e  use of four ,  7600 g a l l o n  commercial f u e l  hau l i ng  t r a i l e r s  which were man- 
i f o l d e d  i n t o  the syn the t i c  f u e l  forward ing system. 
p u l l e d  ou t  f o r  r e f i l l i n g  a t  t he  r a i l  t r ans load ing  s i t e .  

The o n s i t e  surge capac i t y  f o r  s t o r i n g  syn the t i c  f u e l s  was accomplished through 

When emptied, each t r a i l e r  was 

The s i x  s y n t h e t i c  f ue l s  were de l i ve red  t o  P l a n t  Sweatt i n  23.500 g a l l o n  
' I  



"jumbo" r a i l c a r s  from t h e i r  var ious o r i g i n s .  
I l l i n o i s  Central & Gulf Railways Okatibbee s i d i n g  approximately 1/4 m l l e  f rom the  
p l a n t .  Th is  r a i l s i d i n g  was the  l o c a t i o n  f o r  t he  second set  o f  mod i f i ca t i ons .  An 
area approximately 200'x20' was graded and paved t o  support t he  t rans load ing  
opera t i on  from r a i l c a r  t o  mobile t r a i l e r .  
inc luded t o  prevent any ground water contarnination. 
w i t h  the  f u e l  t r a n s p o r t e r ' s  t r a c t o r  power-take-off pump, g r a v i t y  f ed  f rom t h e  
r a i l c a r ' s  bottom discharge. 
t e s t i n g  over 25 HW due t o  syn the t i c  f u e l  consumption ra tes .  

Although B&W had 
reworked the  burners on U n l t  1 i n  1974, moderate t o  severe warpage and mis- 
al ignment were noted du r ing  t h e  B W  F i e l d  Serv ice Engineer's i nspec t i on  i n  
November o f  1982. Consequently, t he  a i r  r e g i s t e r  vanes i n  a l l  s i x  burners were 
replaced and i n d i v i d u a l l y  a l i gned  f o r  r e l i a b l e  a i r  f l o w  con t ro l .  P a r t i a l  shrouds 
were a l s o  added around each burner t o  augment the  c o n t r o l  o f  combustion a i r f l o w .  

Corrosion penetrat ions i n  t h e  f l u e  gas ductwork downstream o f  the a i r  pre-  
heater  caused the  replacement o f  some ductwork t o  be the  f o u r t h  m o d i f i c a t i o n .  
Although a i r  inleakage on t he  suc t i on  s ide  o f  t he  I D  f an  was n o t  o p e r a t i o n a l l y  
troublesome, any d i l u t i o n  o f  t he  f l u e  gas upstream o f  t h e  proposed emission 
e x t r a c t i o n  g r i d  would d i s c r e d i t  t he  a n a l y t i c a l  procedures f o r  measuring combustion 
emissions. When t h i s  ductwork was replaced, an access p l a t f o r m  f o r  t h e  sampling 
crews was added around the  f l u e  gas e x t r a c t i o n  po r t s .  

The l a s t  area of  m o d i f i c a t i o n  a c t u a l l y  took p lace I n  several l oca t i ons  around 
t h e  p l a n t  t o  support the i n d u s t r i a l  hygiene program. F i r s t ,  t he  p l a n t  employee 
locke r  room area was subdivided i n t o  a c lean s i d e / d i r t y  s ide  concept s i m i l a r  t o  
t h a t  found a t  nuc lear  i n s t a l l a t i o n s .  A l l  equipment o r  personnel i nvo l ved  i n  syn- 
t h e t i c  f u e l  handl ing were segregated on the  d i r t y  side. 
c lean s ide  where s t r e e t  c l o t h i n g  was stored, personnel were requ i red  t o  take  a 
shower a t  t he  end of  t h e i r  s h i f t .  A d a i l y  change o f  c o v e r a l l s  and laundry se rv i ce  
were a l s o  mandatory f o r  syn the t i c  f u e l  handlers. Personnel n o t  i nvo l ved  i n  
handl ing the  syn the t i c  f u e l s  were denied access t o  those areas where s p i l l s  and 
contamination were most probable; t he  redundant f u e l  sys tem/ t ra i l e r  pad, t h e  
b o i l e r  f r o n t ,  the r a i l  t r ans load ing  area and the  d i r t y  s ide  l o c k e r  room. 
Barr icade tape and signs were approp r ia te l y  placed as a reminder. 
con ta ln  any l a rge  sp l l l age ,  t h e  s t a t i o n a r y  t r a i l e r  pad and t h e  r a i l  t r ans load ing  
area were paved and curbed. 
eye p ro tec t i on ,  face masks w i t h  organic vapor f i l t e r s ,  cove ra l l s ,  a b i b  r a i n s u i t .  
and elbow-length gloves. 
contaminated a t  t h e  p r o j e c t  end. Personnel invo lved i n  the t e s t i n g  were g i ven  
basel ine medical examinations and classes on personal hygiene as a p a r t  o f  t he  
i n d u s t r i a l  hygiene phi losophy o f  "no con tac t "  w i t h  the  syn the t i c  f u e l s .  
For tunate ly .  no s p i l l s  o r  gross contamination occurred du r ing  the  f o u r  months o f  
t e s t 1  ng. 

These cars were tempora r i l y  s i t e d  on 

Curbing and a drainage sump were 
The t rans loading was done 

Fuel t rans load ing  was a continuous process d u r i n g  any 

The t h i r d  area o f  mod i f i ca t i on  was i n  the  b o i l e r  windbox. 

In order  t o  pass t o  the  

I n  o rde r  t o  

Fuel handl ing personnel were equipped w i t h  hard hats. 

They were reimbursed f o r  t h e i r  work boots  i f  

TEST PLAN 

S ix  syn the t i c  f u e l s  from th ree  major research f i rms  were prov ided by EPRI  f o r  
t e s t i n g  a t  P lan t  Sweatt: 

1 

Gul f  Research/Tacoma, Washington 
Solvent Refined Coal-I1 ( F u l l  Range Mixture)  
Solvent Refined Coal-I1 (Middle D i s t i l l a t e  F rac t i on )  

Ashland O i l /Ca t le t t sbu rg ,  Kentucky 
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H-Coal ( L i g h t  F rac t i on )  
H-Coal (Heavy F rac t i on )  
H-Coal (Blended Mixture)  

Exxon Research/Baytown. Texas 
Exxon Donor So lven t  

M iss i ss ipp i  Power Company prov ided the  basel ine fue l s :  
Natura l  Gas 
NO. 6 Fuel  O i l  

I n  s a t i s f y i n g  the  t e s t  ob jec t i ves ,  it was necessary t o  " t e s t "  the s i n g l e  
gaseous f u e l  and seven l i q u i d  fue l s  on as comnon a bas is  as poss ib le  f o r  a mean- 
i ng fu l  comparison. General ly, the areas o f  I n v e s t i g a t i o n  were: 

(1)  L i m i t s  o f  o p e r a b i l i t y ,  
( 2 )  o p e r a b i l i t y  a t  repeatable condi t ions,  and 
( 3 )  a d a p t a b i l i t y  f o r  combustion opt imizat ion.  

The t e s t  p o i n t s  contemplated were based on each f u e l ' s  "smoke p o i n t "  as the 
boundary between complete and incomplete combustion. 
a l l y  de f i ned  as t h e  f l u e  gas excess oxygen l e v e l  measurement a t  which d r a s t i c  
upswings i n  carbon monoxide and opac i t y  occurred on B&W and KVBs Instantaneous 
monitors. Th is  l e v e l  i s  a func t i on  o f  each f u e l ' s  molecular  composit ion and i s  
somewhat dependent on a b o i l e r ' s  p a r t i c u l a r  combustion dynamics. 
be in f luenced by burner  type,  t i p  placement. combustion a i r  d i s t r i b u t i o n ,  f u e l  
a tomizat ion and o t h e r  phys i ca l  f ac to rs .  By operat ing j u s t  above t h e  smoke po in t ,  
t h e  combustion l o s s  due t o  excess a i r  i s  minimized, which r e s u l t s  i n  h ighe r  b o i l e r  
e f f i c i e n c i e s .  Three t e s t  p o i n t s  f o r  each l i q u i d  f u e l  were o r i g i n a l l y  estab l ished 
based on a f u e l ' s  smoke p o i n t :  

Smoke p o i n t  was operation- 

This  l e v e l  may 

(1) Low Excess A i r  - "LEA" 
Smoke p o i n t  p lus  0.5% excess oxygen i n  the  f l u e  gas 

( 2 )  Normal Excess A i r  - "NEA" 
Smoke p o i n t  p l u s  1.0% excess oxygen i n  t h e  f l u e  gas 

( 3 )  Hiqh Excess A i r  - "HEA' 
Smoke p o i n t  p lus  2.0% excess oxygen i n  the  f l u e  gas 

A f i f t h  t e s t  p o i n t  was a l s o  establ ished l a t e r  t o  g i ve  t h e  t e s t  r e s u l t s  comnon- 
a l i t y  a t  one excess oxygen l e v e l .  Th i s  t e s t  p o i n t  was t o  be a t  a comparable 
excess oxygen l e v e l  found f o r  t he  basel ine l i q u i d  f u e l  (No. 6 f u e l  o i l )  known as 
the  O i l  Comparable (OC)  t e s t  po in t .  These f i v e  p o i n t s  were es tab l i shed  w i t h  
normal burners i n  se rv i ce  a t  t h ree  loads; 40 megawatts. 25 megawatts and 15 mega- 
watts and again w i t h  burners o u t  o f  serv ice.  Th is  s a t i s f i e d  the  th ree  areas of  
i n v e s t i g a t i o n  o u t l i n e d  e a r l i e r .  I n  some cases, however, t e s t i n g  was l i m i t e d  by 
unstable combustion o r  combustion a i r  a v a i l a b i l i t y  ( f a n  l i m i t e d ) .  
e a r l y  te rm ina t ion  o f  some t e s t s .  

Coal l i q u e f a c t i o n  processes are designed t o  chemical ly  c lean coal  by removing 
ash, s u l f u r  and t o  a l e s s e r  extent, n i t r o g e n  from the  feed coal .  
d i f ferences between t h e  f u e l s  tes ted  at. P lan t  Sweatt and t h e i r  petroleum counter- 
Par ts  are t h a t  s y n t h e t i c  f u e l s  have a h'igher carbon/hydrogen r a t i o  and h igher  
fuel-bound n i t r o g e n  content .  A h igh  C/H r a t i o  i s  sometimes an i n d i c a t i o n  o f  
increased soot  format ion.  This ,  however, was n o t  found i n  t h e  P lan t  Sweatt 

Th i s  caused the  
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t es t i ng .  Increased fuel-bound n i t r o g e n  i n  coa l  de r i ved  f u e l s  can serve as t h e  
precursor  f o r  another c u r r e n t l y  regulated emission, n i t r o g e n  oxides (NOx). 
of t he  ob jec t i ves  o f  t h e  P l a n t  Sweatt t e s t i n g  was t o  measure and reduce NOx 
emissions through cornbustion mod i f i ca t i ons .  
changes i n  t h e  combustion process w i t h i n  the  b o i l e r .  No equipment such as selec- 
t i v e  c a t a l y t i c  reduc t i on  devices was added. 
f e a s i b i l i t y  o f  "no cost '  op t i ons  f o r  NOx reduc t i on  i n  e x i s t i n g  l i q u i d  fue led  
b o i l e r s .  

One 

These mod i f i ca t i ons  were l i m i t e d  t o  

This  was done t o  demonstrate t h e  

The conversion o f  n i t r o g e n  t o  NOx i s  predominantly a conversion o f  f u e l  n i t -  
rogen as opposed t o  t h e  conversion o f  combustion a i r  n i t rogen .  This  conversion 
(combustion) i s  s t o i c h i o m e t r i c a l l y  l i m i t e d  by the  presence o f  a v a i l a b l e  oxygen. 
The work a t  P lan t  Sweatt r e l i e d  main ly  on "burners o u t  o f  se rv i ce "  (BOOS) as the  
combustion m o d i f i c a t i o n  t o  reduce NOx emissions. 
combination w i t h  operat ion a t  minimum excess oxygen l e v e l s .  
u r a t i o n  t h a t  gave the  l e a s t  NOx emission on each f u e l  and each load  was sub- 
j e c t e d  t o  t h e  f u l l  t e s t i n g  m a t r i x  o f  excess oxygen l e v e l s .  

BOOS owes i t s  success t o  the  r e s u l t i n g  segregat ion o f  t h e  b o i l e r  i n t o  two 
zones: oxygen r i c h  and oxygen lean.  The BOOS concept o b j e c t i v e  i s  t o  f o r c e  the 
combustion r e a c t i o n  t o  occur i n  t h e  oxygen lean  zone. By op t im iz ing  each burner 
flame w i t h  a i r  r e g i s t e r  adjustments and then s imply  c l o s i n g  the  f u e l  va lve on 
se lected burners, t he  BOOS technique i s  accomplished. Burners w i t h o u t  f u e l  ( t he  
BOOS) are producing f u e l  lean/oxygen r i c h  zones by s t i l l  c o n t r i b u t i n g  combustion 
a i r .  The burners remaining i n  se rv i ce  become f u e l  r ich/oxygen lean  i n  two ways: 

(1) The aggregate f u e l  f l o w  t o  ma in ta in  load remains constant  b u t  Increases 
p ropor t i ona te l y  t o  those burners remaining i n  se rv i ce  w i t h  no increase i n  
a v a i l a b l e  combustion a i r .  This causes the  burners remaining i n  se rv i ce  
t o  be l ess  s t o i c h i o m e t r i c a l l y  excessive i n  oxygen. 

It i s  a l s o  theo r i zed  t h a t  a i r  f l o w  increases s l i g h t l y  i n  t h e  BOOS as 
the re  i s  no flame back pressure a t  these burners. This  makes t h e  burners 
s t i l l  i n  se rv i ce  even less  s t o i c h i o m e t r i c a l l y  excessive i n  oxygen. 

Th is  was done, o f  course, i n  
The BOOS con f ig -  

( 2 )  

Of course, i t  i s  s t i l l  necessary t o  ma in ta in  an excess oxygen l e v e l  s u f f i c i e n t  
t o  complete combustion by ma in ta in ing  a i r  vane s e t t i n g s  i n  t h e  BOOS. It i s  a l so  
des i rab le  t h a t  p a r t i c u l a t e  emissions (measured as opac i t y )  and carbon monoxide 
l e v e l s  be he ld  w i t h i n  acceptable l i m i t s  r a t h e r  than op t im iz ing  t h e  NOx reduc t i on  
a t  the expense o f  o the r  considerat ions.  

DATA ACQUISITION 

The data a c q u i s i t i o n  r o l e  a t  P l a n t  Sweatt was performed by Babcock & Wi lcox 
and KVB. 
i n t o  a Hewlett-Packard po r tab le  computer i n  ga the r ing  and c a l c u l a t i n g  b o i l e r  
operat ing data. 
l i s t  approach f o r  non-automated c o n t r o l  room in fo rma t ion .  The CBDS recorded 
approximately 200 data p o i n t s  every s i x t y  seconds f o r  ref inement i n t o  t e n  minute 
averages f o r  each t e s t .  Data measurement devices inc luded extens ive thermocouple 
g r i d s ,  d i f f e r e n t i a l  pressure t r a n s m i t t e r s  and e x t r a c t i v e  f l u e  gas ana lys i s  both 
before and a f t e r  the a i r  preheater .  Instantaneous scan values could be read on a 
CRT Screen wh i l e  data values and averages were s to red  on a non-vo la t i l e ,  magnetic 
d i sk .  These averages were combined l a t e r  t o  p rov ide  a s i n g l e ,  b o i l e r  e f f i c i e n c y  
va lue f o r  each t e s t .  BW a l s o  c a l i b r a t e d  the  p l a n t ' s  combustion a i r  f l o w  o r i f i c e  

B W  used t h e i r  Computerized B o i l e r  Diagnost ic  System (CBDS) programed 

This  automated system was complemented by t h e  t r a d i t i o n a l  check- 
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readings w i t h  t h e i r  Veloc i ty /Pressure Averaging System (VPAS) p r i o r  t o  t e s t i n g .  

l a t e r  ana lys i s .  
monoxide, carbon d iox ide ,  excess oxygen, n i t rogen  oxides and s u l f u r  d iox ide .  Gas 
sampling f o r  s u l f u r  t r i o x i d e s  and ch lo r i des  was done i n t e r m i t t e n t l y  as was 
measurement o f  a c i d  dew po in t ,  p a r t i c u l a t e  loading,  p a r t i c u l a t e  morphology and 
p a r t i c u l a t e  s i z e  d i s t r i b u t i o n s .  

data r e q u i r e  a d d i t i o n a l  reduc t i on  and ana lys i s .  Therefore, t h e  r e s u l t s  and con- 
c lus ions t h a t  f o l l o w  have n o t  y e t  been sub jec t  t o  t h e  thorough i n v e s t i g a t i o n  t h a t  
remains t o  be done as p a r t  o f  t h e  E P R I  con t rac t .  

RESULTS AND CONCLUSIONS 

KV8 acqui red r e a l  t ime  data on severa l  emissions and gathered many samples f o r  
Inc luded i n  t h e i r  m a t r i x  were the continuous mon i to r i ng  of  carbon 

A t  t he  o r i g i n a l  w r i t i n g  of t h i s  paper, a l a r g e  p o r t i o n  o f  both B&W and KVBs 

The t e s t i n g  o f  t h e  s i x  syn the t i c  f u e l s  a t  P lan t  Sweatt was very successful.  
Results on the  f i r s t  t h r e e  syn the t i c  fuels(SRC-II(Ful1 range mixture) .  
H-Coal(Heavy f r a c t i o n )  and H-Coal(8lended m ix tu re ) )  i n d i c a t e  t h a t  a l l  t h ree  have 
higher b o i l e r  e f f i c i e n c i e s  and produced fewer emissions than t h e  basel ine No. 6 
f u e l  o i l .  Resul ts  o f  t e s t i n g  on the l a s t  t h r e e  syn the t i c  fuels(SRC-II(Hidd1e 
d i s t i l l a t e  f r a c t i o n ) ,  H-Coal(Light f r a c t i o n )  and Exxon Donor Solvent)  i n d i c a t e  
comparable f i n d i n g s  b u t  l ack  t h e  depth o f  data taken on the  f i r s t  t h ree  f u e l s .  
The burners o u t  o f  se rv i ce  technique i n  combination w i t h  reduced excess combustion 
oxygen was a l s o  ve ry  successfu l ,  p rov id ing  as much as a 50% reduc t i on  i n  NOx 
l eve l s .  These coa l  de r i ved  l i q u i d  f u e l s  appear t o  be q u i t e  adequate f o r  petroleum 
l i q u i d  replacement i n  e x i s t i n g  u n i t s  and should c e r t a i n l y  be considered i n  the  
design bas is  f o r  l i q u i d  f u e l  b o i l e r s  of t he  fu tu re .  The on ly  drawbacks t o  the  use 
o f  these f u e l s  a r e  i n  t h e i r  ma te r ia l  aggressiveness toward standard gasket ing 
ma te r ia l s  and t h e i r  i m p l i e d  human t o x i c i t y .  
through simple design accommodations. 

Combustion e f f i c i e n c y  f o r  t h e  f u e l s  ranged from a low o f  83.6% f o r  na tu ra l  gas 
a t  1 5  HW t o  a h i g h  o f  91.2% f o r  SRC-I1 a t  25 HW (F igures 2 and 3). The e f f i -  
c ienc ies c a l c u l a t e d  f o r  SRC-11, H-Coal(Heavy) and H-Coal(B1end) are on the  order  
o f  one t o  two percentage p o i n t s  h ighe r  than No. 6 f u e l  o i l  and f i v e  t o  seven per-  
centage po in ts  h ighe r  than  n a t u r a l  gas. This  i s  s t r o n g l y  associated w i t h  the 
higher amount o f  excess combustion oxygen requ i red  f o r  n a t u r a l  gas and No. 6 f u e l  
o i l  t o  operate above t h e i r  smoke po in ts .  

Both problems should be surmountable 

Table I i l l u s t r a t e s  t h i s  p o i n t .  

Table I 
Rankinq O f  Low Excess A i r  (LEA) Levels (40 HW. 6 burners) 

(1) 2.7% H-Coal(Heavy) (5) 3.0% H-Coal(8lend) 
(2) 2.7% H-Coal(Light) ( 6 )  3.5% SRC-II(t4iddle D i s t i l l a t e )  
(3 )  2.7% EDS ( 7 )  4.0% Natura l  Gas 
( 4 )  2.9% SRC-II(Ful1 Range) (8) 5.8% No. 6 Fuel O i l  

As a n t i c i p a t e d ,  t h e  n i t r o g e n  oxide emissions from the  coal der ived l i q u i d s  
were h igher  than t h a t  o f  No. 6 f u e l  o i l  o r  n a t u r a l  gas (F igu re  1). 
combination o f  BOOS and LEA reduced NOx emissions as much as 50% i n  some cases 
(Figures 4 and 5 ) .  Table I1 l i s t s  some t y p i c a l  r e s u l t s .  

However, t h e  
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TABLE I1 
Selected NO, Reduction Results 

I 

- Fuel - Load 

Range) 
SRC-II(FU11 25HW 

H-Coal(B1end) 40HW 

No. 6 Fuel Oil 40HW 

Excess % 
Burners 07 Level !K!x Reduction 

no BOOS HEA 403ppm ................. e 5% I 
no BOOS LEA 301 ppm.. .I. 53% 

2 BOOS LEA 191 ppm. .. ! ............. 
no BOOS HEA 39Bppm ................. 

I 
no BOOS LEA 31 6ppm.. . P I X  :. 51% 

1 BOOS LEA ................. 
no BOOS HEA 275ppm 

I 37% 

195ppm fO% I 
................ 

i 21% 
no BOOS LEA 217ppm ...!. 33% 

I i 5% 
1 BOOS LEA lB5ppm.. . ! ............. 

It i s  interesting to note that NO, emissions from the synthetic fuels could 
be lowered to a level approximating the NOx emission from optimized No. 6 fuel 
oil combustion. From another perspective. optimized synthetic fuel combustion 
resulted in considerably less NOx than unoptimized No. 6 fuel oil operation 
(HEA. no BOOS) . 

0.01 lb per million Btu. This i s  approximately one order of magnitude less than 
particulate emissions from No. 6 fuel oil. Also, LEA and BOOS operation did not 
significantly contribute added particulate emissions. 
phology and submicron particle size distributions are still undergoing analysis. 

The difficulty in fuel handling was somewhat self-imposed by the project phil- 
osophy of, "no human contact" with the synthetic fuels. 
requirements (clothing changes, mandatory raingear/facemask/gloves. and restricted 
areas) were more burdensome than problematic. At a plant designed specifically to 
use synthetic fuels, the potential for contact with the fuel could be minimized 
through bulk liquid storage. welded pipe joints, dry disconnect couplings and 
backflushing filters. This would limit potential spillage (and human contact) t o  
infrequent fuel transfer operations and emergencies. 

Overall, the consensus of the participants i s  that any o f  the s i x  coal derived 
liquids could be used as a replacement for liquid petroleum fuel in this utility 
boiler with no equipment modifications. equipment additions or environmental var- 
iances. The relatively small modifications required at Plant Sweatt indicate that 
few design criteria would be affected if these synthetic fuels were to be included 
in the fuel specifications of future design criteria. 

work at Plant Sweatt(RP 2112-02) will be published. Further specific inquiries 
will be welcomed pending the distribution of this final report. 

Particulate emissions from the synthetic fuels were very low, on the order of 

Data on particulate mor- 

The personal hygiene 

When all the data have been reduced and analyzed, a final EPRI report on the 

t 
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EMISSIONS SAMPLING OF COMBUSTION EFFLUENTS 
FROM A STATIONARY DIESEL BURNING A 

COAL DERIVED LIQUID FUEL 

W. Pi ispanen, P. Webb, D. Trayser  

B a t t e l l e  Columbus Labora to r ies  
505 King Avenue 

Columbus, Ohio 43201 

In t roduc t i on  

I 
The purpose o f  t h i s  study was t o  evaluate the  performance o f  a u t i l i t y  d i e s e l  

I 
I 

I 

generator when burn ing a middle d i s t i l l a t e  Exxon Donor Solvent  ( E O S )  coal de r i ved  
l i q u i d  f u e l .  
external  combustion sources ( 1  , Z ) ,  t h e i r  use i n  i n t e r n a l  combustion sources i s  
l i m i t e d  by 1)  low octane number, 2) h igh  d i s t i l l a t i o n  range 3)  h igh  n i t r o g e n  and 
s u l f u r  content  and 4) h igh aromatic content .  
engine performance and the emissions o f  p a r t i c u l a t e s  and gaseous products o f  
combustion. 

While coal de r i ved  l i q u i d  f u e l s  have been success fu l l y  f i r e d  i n  

These f a c t o r s  may in f l uence  bo th  the  

I Technical Approach 

For t h i s  program a Cooper LSV-16-GOT 16-cy l inder ,  4-stroke, turbocharged 
engine was used t o  evaluate var ious blends o f  EDS and a standard DF-2 f u e l .  
engine was owned and operated by a p u b l i c  u t i l i t y  company. Cooper Energy Services 
designed a t e s t  m a t r i x  f o r  t he  eva lua t i on  o f  f u e l  blends a t  d i f f e r e n t  engine 
operat ing condi t ions and supervised the  ac tua l  engine t e s t  operations. B a s i c a l l y  
three operat ing parameters were var ied:  the f u e l  blend r a t i o  as EOS/DF-2, t he  a i r  
mani fo ld  temperature (AMT) and the  engine/speed load  cond i t i ons  as k i l o w a t t s  (KW) 
o f  e l e c t r i c a l  power a t  ra ted  speed. I n  a d d i t i o n  a s p e c i a l l y  designed sampling 
system was used t o  evaluate extreme b lend r a t i o s  and t e s t  engine mod i f i ca t i ons  
appl ied t o  o n l y  one o f  the 16 cy l i nde rs .  
a t  the var ious t e s t  cond i t i ons  f o r  comparative purposes. 

exhaust. I n  one l o c a t i o n  a rake type probe w i t h  a heated sampling l i n e  was used 
t o  cont inuously  withdraw samples o f  the exhaust gas before i t  entered the s i l ence r .  
A spec ia l  check-valve sampling probe was i n s t a l l e d  f o r  t he  s i n g l e  c y l i n d e r  exhaust 
gas moni tor ing.  P rov i s ion  f o r  SO2/SO3 sampling was inc luded i n  both sample l i n e s .  
A schematic o f  t h i s  system i s  shown i n  F igure 1. 

The sampling f o r  SO2/SOj was by  a c o n t r o l l e d  condensation system based on 
an o r i g i n a l  design by Goksoyr and Ross i n  1962, fo l l owed  by a hydrogen perox ide 
impinger t r a i n .  
methods f o r  operat ion are documented by both the  U.S. EPA and the APHA. 

t r a i n .  
determinat ion o f  ch lo r i de  emissions. The Method 5 sampling was conducted a t  the 
o u t l e t  o f  the s i l e n c e r  us ing two perpendicu lar  sampling p o r t s  and m u l t i p l e  p o i n t  
traverses. 

The 

Basel ine t e s t s  on the OF-2 f u e l  were made 

Sampling f o r  gaseous emissions was conducted a t  two loca t i ons  o f  the engine 

This  system i s  now r e f e r r e d  t o  as t h e  Goksoyr-Ross t r a i n  and 

Sampling f o r  p a r t i c u l a t e s  was by a standard EPA Method 5 probe and impinger 
The method was mod i f i ed  by adding NaOH t o  t h e  second impinger t o  a l l o w  
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For the program, r e p l i c a t e  t e s t s  were conducted when feas ib le .  Dupl icate 
measurements were made of SO2 (EPA Method 6 and on N O I R  inst rument)  and o f  NOx 
(€PA method 7 and chemiluminescence inst rument) .  
and C1 were made o n s i t e .  
d a i l y  us ing c e r t i f i e d  span gases. 

Analyses o f  p a r t i c u l a t e ,  SO3/SO2 
A l l  gas mon i to r i ng  inst ruments were zeroed and spanned 

Test Results 

Fuel Analyses. P r i o r  t o  ac tua l  sampling t h e  f u e l  blends were analyzed by 
Southwest Research I n s t i t u t e  (SWRI)  and repor ted i n  t h e i r  r e p o r t  t o  E P R I  on t h i s  
p r o j e c t  (3 ) .  
t o  21.0 f o r  100% EDS. The h ighe r  hea t ing  values (HHV)  ranged from 19,500 B tu / l b  
t o  18,569 B tu / l b  ( f o r  100% EDS). 
repor ted by SWRI  as 0.09 percent  s u l f u r  and 0.12 percent n i t rogen.  This s u l f u r  
content  i s  lower and the n i t r o g e n  i s  h ighe r  than most conventional d i e s e l  f ue l s .  
The DF-2 s u l f u r  con ten t  was a l s o  low a t  0.15 percent .  The H/C r a t i o  o f  t he  EOS 
was somewhat lower  than t h e  DF-2 (approx imate ly  0.11 compared t o  0.16) i n d i c a t i n g  
a h igher  degree o f  aromatic cons t i t uen ts .  

The octane number o f  t he  f u e l  blends ranged from 49.6 f o r  100% DF-2 

The n i t r o g e n  and s u l f u r  content  were va r iab le  bu t  

Baseline Tests. Base l i ne 'd iese l  t e s t s  were conducted a t  constant  r a t e d  
speed (360 rpm) and f o u r  generat ing loads, No Load, 1800 KW, 2600 KW, and 3600 KW. 
A l l  t e s t s  were conducted a t  110 F AMT except f o r  t he  3600 KW cond i t i on  which a l so  
inc luded 150 F AMT and 95 F AMT t e s t s .  

d i e s e l  generators bu rn ing  No. 2 d i e s e l  f u e l . f 4 )  The 02 ranged from 10.8 percent 
a t  3600 KW t o  18.2 pe rcen t  a t  FSNL. 
i n g  load. 
i n d i c a t i n g  l ess  than optimum performance. 
r e f l e c t i n g  the low s u l f u r  content  o f  t he  f u e l .  

The gaseous emissions were comparable o those repor ted i n  o the r  t e s t s  o f  

As expected, t he  COP increased w i t h  increas- 

The SO2 concentrat ions were low, 
The CO was s l i g h t l y  h igher  than expected, up t o  195 ppm a t  3600 KW, 

Gaseous Emissions from Blend Tests. Tests were conducted f o r  t he  var ious 
b lend r a t i o s  and l o a d  cond i t i ons .  The r e s u l t s  f rom t h e  s tack emissions measurements 
f o r  the f u l l  engine t e s t s  are summarized i n  Table 1. 
f o r  each engine l oad  c o n d i t i o n  as measured a t  the base l i ne  f u e l  c o n d i t i o n  and f o r  
t h e  three blend r a t i o s .  As was observed i n  the  base l i ne  tes ts ,  t h e  CO2 increased 
w i t h  engine load w h i l e  02 decreased. There was no observed e f f e c t  o f  b lend r a t i o  
on SO2 emissions, a l though SO2 d i d  increase s l i g h t l y  w i t h  increas ing l oad  as would 
be expected. The NO,, when co r rec ted  t o  15 pe rcen t  02 (dry) ,  showed a s i g n i f i c a n t  
increase as load was increased t o  1800 KW and then a more gradual increase up t o  the 
maximum load  o f  3600 KW. 

150 F were compared t o  the  110 AMT tes ts .  
95 F and 150 F AMT were comparable t o  the 110 F AMT t e s t s .  The gaseous emissions 
showed no s i g n i f i c a n t  changes between opera t i ng  temperatures except t h a t  the 
corrected NOx appeared t o  increase s l i g h t l y  a t  110 F AMT compared t o  95 F AMT but 
t o  decrease when the  AMT was r a i s e d  t o  150 F. 

Th i s  tab le  prov ides averages 

The r e s u l t s  o f  gaseous mon i to r i ng  f o r  t h e  b lend t e s t s  a t  AMT o f  95 F and 
The 3600 KW basel ine emission t e s t s  f o r  

P a r t i c u l a t e  Emissions from Blend Tests. The s tack p a r t i c u l a t e  emissions 
f o r  t he  basel ine and th ree  b lend r a t i o s  were measured. The e f f e c t  of b lend r a t i o s  
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on the particulate emission ra te  i s  shown graphically in Figure 2. 
representation the percent increase of the particulate emission ra te  over the 
baseline value for  the var ious blend r a t io s  i s  plotted f o r  the two higher engine 
loads a t  110 F AMT. 

The effect  of blend r a t io  on the particulate emissions i s  significant.  
increase in the rate over baseline i s  approximately the same for the two conditions 
load a t  110 F AMT. 
AMT. In terms of actual emissions ra te  based on mass of particulate per heat input, 
the 50 percent blend a t  2600 KW and 110 F AMT was lowest while the 66.7 percent a t  
3600 KW and 110 F AMT was the highest. 
150 F AMT was observed t o  have a lower particulate emission rate t h a n  the reported 
highest value and similarly a baseline t e s t  of 3600 KW and 150 F AMT showed a 42 
percent lower particulate emission ra te  t h a n  e i ther  the 95 F AMT or the 110 AMT 
baselines. 
emission rate.  

In t h i s  

The 

The increase over baseline i s  greater a t  150 F AMT and less  a t  95 F 

A t e s t  o f  75 percent blend a t  3600 KW and 

This suggests t h a t  increasing the AMT may reduce the particulate 

Other Gaseous Emissions. Emissions samples fo r  SO3 and chlorides measure- 
ments were also included in this  program. 
measurement were obtained; 6 were in the stack location and 6 were in the single 
cylinder configuration. 
t i t r a t ion  with 0.02 N NaOH. 
in th i s  program, an impinger sample was collected for  C1 determination by AgCl 
gravimetric method. I n  a l l  cases there was no prec ip i ta te  formation indicating 
chlorides were less than the detectable l imi t .  

I n  t o t a l ,  12 samples for  SO2/SO3 

No SO3 was detected i n  any of the samples by the standard 
I n  each o f  the t e s t s  for  particulate emissions conducted 

Conclusions 

The use of EDS/DF-2 fuel blends in u t i l i t y  diesels provides a n  acceptable 
alternative to  conventional petroleum based fuel operation. A blend r a t io  of 
approximately 66.7 percent EDS and 33.3 percent OF-2 can be used w i t h o u t  engine 
knocking a t  an AMT of 110°F. 
percent EDS. 
the particulate emissions rate.  
emissions was significantly influenced by both blend r a t io  and engine load. 
Increasing one or ther other o r  both resulted in a n  increase in the particulate 
emissions, though a n  increase in AMT may reduce the particulate emissions ra tes .  
No information on par t ic le  s ize  o r  morphology was obtained in th i s  program. 

t h a t  the use o f  EDS/OF-2 fuel blends under engine load conditions resulted in a 
moderate increase in CO emissions (25%) and a moderate decrease in THC emissions 
(26-31%) when compared to  baseline (0%) t e s t s .  
substantial increases in b o t h  CO and THC emissions a t  the no-load condition. 

A t  an AMT of 150 "F t h i s  r a t io  can be extended t o  75 
The major impact of the use of EDS blends appears t o  be an increase in 

The ef fec t  of EOS/DF-2 blends on particulate 

The results of the exhaust stack measurements of gaseous emissions indicate 

The ECS/DF-2 fuel blends a l l  showed 

The emissions of NOx from EDS blends are less  t h a n  or equal t o  the baseline 
over a l l  engine loads except fo r  the maximum EDS/DF-2 blend where NO, levels were 
s l igh t ly  higher a t  lower loads. 
and the 66.7 percent blend a t  3600 KW b u t  lowered the 2600 KW concentration. The 
overall average percentage of NO2 in the NOx a t  baseline conditions was approximately 
9 percent. 
on N O 2  could n o t  be determined. 

A 150 F AMT s l igh t ly  increased the NOx fo r  baseline 

Due t o  problems w i t h  the NO analyzer the e f fec t  of AMT and blend r a t io  
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There was l i t t l e  c o r r e l a t i o n  between b lend r a t i o s  and SO emissions, a l l  o f  
which were r e l a t i v e l y  low. Measurements of so3 and C1 were befow the  expected lower 
l i m i t s  and thus  the p o t e n t i a l  f o r  co r ros ion  should be minimal i n  the  use o f  EDS/DF-2 
blends. 
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TABLE 1 

AVERAGE STACK GASEOUS EMISSIONS DATA SUMMARY FOR FULL ENGINE TESTS 
I (From Reference 5) 

Load CO2 co 02 502 NO 
(KW) ( p e r c e n t 1  @ b e r c e n t )  

0 Percent  Blend. AMT = 110 F 

FSNL 1.8 178 18.2 67 --* 
1800 5.6 87 13.2 73 803 

2600 6.2 93 12.0 72 833 

3600 7.2 161 10.8 80 

FSNL 1.8 

1800 7.8 

2600 6.6 

3600 7.2 

FSNL 1.9 

1800 6.0 

2600 6.7 

3600 7.4 

25 Percent  Blend, AMT = 110 F 

345 18.5 54 

105 13.3 60 776 

105 12.0 58 -- 
175 11.1 55 -- 

50 Percent  Blend. AMT = 110 F 

725 18.3 56 

110 13.0 56 -- 
124 12.0 64 -- 
162 11.0 62 -- 

J 66.7 Percen t  Blend, AMT = 110 F 

FSNL 1.8 1200 18.5 50 

1800 6.1 110 12.9 59 974 
j 

2600 6.9 116 11.8 61 

I 3600 7.3 170 11.2 62 

I 

-- 
I -- 
i 

- \ 
/ 

/ 
\ 

* I n d i c a t e s  d a t a  d e l e t e d  due t o  ma l func t i on  o f  i ns t rumen t .  

Note: NO and NOx d a t a  a r e  c o r r e c t e d  t o  15 percen t  02. 
‘E 
/ 

19 7 f 
L 

388 

835 

915 

986 

516 

835 

895 

962 

601 

850 

878 

991 

540 

1007 

1004 

917 

206 

142 

153 

166 

273 

155 

160 

205 

390 

117 

120 

128 

750 

108 

105 

122 



Method 5 and 6 Stack 
Sample Locotion 

I Engine Emission Monitor 
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FIGURE 1 .  SCHEMATIC OF BATTELLE MONITORING AND SAMPLING EQUIPMENT 
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Increased r e l i a n c e  on coal  combustion can g i v e  r i s e  t o  s i g n i f i c a n t  f l y  ash 
Most f l y  a s h  i s  present ly  used as a low c o s t  ma- s torage  or disposa l  problems. 

t e r i a l  f o r  cons t ruc t ion  purposes and a l s o  as cover material f o r  l a n d f i l l s .  
Other, more economically advantageous uses  f o r  t h i s  inexpensive mater ia l  w u l d  
be des i rab le .  
reuse by power p l a n t s  as cooling tower makeup water. 
be as  sorbents  of t h e  heavy metals ,  t o x i c  anions and organic  substances commonly 
found i n  l e a c h a t e s  emanating from l a n d f i l l s .  Over t h e  pas t  s e v e r a l  years ,  our 
l abora tory  has  developed, under EPA Grants R803-717-91 and R803-717-02 a method 
f o r  t h e  t reatment  u t i l i z i n g  f l y  ash a lone  o r  i n  combination with o ther  inexpen- 
s i v e  sorbents  f o r  t h e  removal of heavy meta ls ,  t o x i c  anions and organics  from 
i n d u s t r i a l  s ludge  leacha tes  and i n d u s t r i a l  waste stream e f f l u e n t s .  During t h e  
course of these  inves t iga t ions ,  two types of  f l y  ash w e r e  repea ted ly  co l lec ted  
a t  d i f f e r e n t  times from t h e  some e l e c t r o s t a t i c  p r e c i p i t a t o r  a t  a coa l  turning 
b o i l e r  of  a l a r g e  e a s t  coas t  e l e c t r i c  u t i l i t y .  These f l y  ashes  exhibi ted 
d i f f e r e n t  leaching  and sorbent  c h a r a c t e r i s t i c s ;  i . e .  one type produced an acid- 
i c  leacha te  while t h e  o ther  leached basic .  Although both f l y  ashes  i n i t i a l l y  
leached both c a t i o n s  and anions,  t h e  leaching  eventua l ly  ceased and removal of 
these  s p e c i e s  occured.  For example, the fly a s h  whose e f f l u e n t  was i n i t i a l l y  
a c i d i c  leached copper (0.69 micrograms/gram of f l y  ash) and z inc  (0.32 micro- 
grams/grams of f l y  ash) when t h i s  m a t e r i a l  was placed ' in  a lys imeter  and e lu ted  
with i n d u s t r i a l  s ludge  leacha te .  
and both copper and z i n c  i n  t h e  t r e a t e d  e f uent  were reduced from about 2.5 mg/l 
and 0.4 mg/l ,  r e s p e c t i v e l y ,  to  0.01 mg/l,T1f Since each f l y  ash  type exhibi-  
t ed  d i f f e r e n t  sorbent  c h a r a c t e r i s t i c s ,  a mixture of both types was found t o  be 
more e f f e c t i v e  in t h e  t reatment  of i n d u s t r i a l  s ludge leacha tes .  
point ,  t h e  a v a i l a b i l i t y  of t h e  d i f f e r e n t  types of f l y  ash from t h e  power p lan t  
could not  be pred ic ted .  One simply had to  c o l l e c t  what was a v a i l a b l e  and deter-  
mine its c h a r a c t e r i s t i c s  by t es t ing .  This lack  of  an adequate supply of f l y  
ashes  with t h e  d e s i r e d  sorbent  c h a r a c t e r i s t i c s  i n h i b i t e d  t h e  f u r t h e r  development 
of t h i s  low cos t  technology f o r  t h e  t reatment  of i n d u s t r i a l  waste e f f l u e n t  and 
leacha te  from i n d u s t r i a l  l a n d f i l l s .  Therefore, an i n v e s t i g a t i o n  was c a r r i e d  out  
i n  order  t o  c o r r e l a t e  t h e  sorbent  and leaching  c h a r a c t e r i s t i c s  of f l y  ash  pro- 
duced wi th  t h e  composition of t h e  coa l  and t h e  combustion condi t ions  that ex is t -  
ed during t h e  product ion of these  f l y  ashes .  

One such use  f o r  f l y  a s h  could be t o  t r e a t  ash  pond e f f l u e n t  f o r  
Another appl ica t ion  could 

After a per iod of t ime t h e  leaching ceased 

Up t o  t h i s  

Three d i f f e r e n t  types of  coa l  f i r e d  b o i l e r s  were u t i l i z e d  i n  t h i s  study. 
One type (A) ,  a d r y  bottom boi le r ,  was operated with flame temperatures below 
t h e  ash fus ion  temperature  of  t h e  coa l  ash.  
b o i l e r ,  a s  operated a t  flame temperatures which exceeded t h e  ash  fus ion  tem- 

The second type (B), a wet bottom 

i 

I 

\ 

1 
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pera ture  of t h e  coa l  ash. The t h i r d  b o i l e r  types (C&D), dry bottom t a n g e n t i a l l y  
f i r e d  boi lers ,  were operated with flame temperatures tha t .were  comparable t o  t h e  
ash  fus ion  temperatures of  t h e  coal. 

S ix  high fusion coa ls  and f i v e  low f u s i o n  coa ls  were h r n e d  i n  these  t h r e e  
d i f f e r e n t  bo i le r  types under c lose ly  monitored condi t ions.  
l i s t i n g  o f  these coa ls  by mine name and loca t ion .  

Table 1 gives  a 

TABLE 1 

COAL BURNED UNDER TEST CONDITIONS 

Mine Location - 
High Fusion Coal 

Mi l i tan t  P ennsv lvania  
Deep Hollow 
Upshur 
Badger 
Mine Mouth C 
Mine Mouth D 

West Girginia  
West Virg in ia  
West Vi rg in ia  
Pennsylvania 
Pennsylvania 

Low Fusion Coal 
Wellmore Cactus Virginia  
Wellmore Ackiss Vi rg in ia  
Ellsworth Pennsylvania 
Nora Pennsylvania 
Blend Not known 

Table 2 gives  t h e  temperature p r o f i l e  observed i n  t h e  b o i l e r s  a long with 
t h e  coal ,  na tura l  gas and o i l  feed r a t e s  when co-f i red o r  r e l a t i v e  power out-  
p u t s  h e n  t h e  coa l  feed rate was  unavai lable ,  b o i l e r  a d d i t i v e  feed rates, per- 
cent  excess a i r ,  ambient a i r  temperature, barometr ic  pressure  and power genera- 
t i o n  leve l .  

During the  combustion of the  test c o a l ,  coa l  samples were co l lec ted  a t  t h e  
entrance t o  each pulver izer  j u s t  p r i o r  t o  being burned. 
ash was timed to  correspond t o  t h e  coa l  being burned. Di f fe ren t  s i z e  d i s t r i b u -  
t i o n s  of the  f l y  ash  were obtained by t h e  c o l l e c t i o n  of samples from both t h e  
f r o n t  and back row of  e l e c t r o s t a t i c  p r e c i p i t a t o r s .  The coa ls  and t h e i r  ashes  
were analyzed f o r  % C ,  %S, %SiOp, %A1203, %Fe203, %CaO,  %K20, %NaZO,  %Mgo, ppm 
of T i ,  Cd, Cu, C r ,  Pb, Zn, Sn, N i ,  Mn,  a s h  content  and a s h  fus ion  temperatures 
according t o  ASM procedures. 

The c o l l e c t i o n  of  f l y  

The d i f fe rence  i n  leaching of Cadmium, Boron, Tin, Molybdenum, Nickel ,  
Lead, Copper, Chromium, Zinc, Manganese and I r o n  from both t h e  high fus ion  and 
low fus ion  f l y  ashes  in genera l  were found t o  be dependent upon t h e  d i f f e r e n c e s  
i n  t r a c e  amounts of these  elements present  i n  t h e  f l y  ash ,  t h e  d i f fe rences  i n  
t h e  s i z e  of the f l y  ash p a r t i c l e s  and t h e  d i f fe rences  i n  boi le r  temperatures 
encountered by t h e  f l y  ashes  during t h e i r  .generation. 

The d i f fe rences  i n  t h e  amount a n  element is leached from t h e  f l y  ashes  was 
found t o  be r e l a t e d  d i r e c t l y  t o  t h e  concentrat ion i n  t h e  f l y  a s h  f o r  a major i ty  
of the elements examined. The d i f fe rences  i n  t h e  amount of an element present  
in the  high fusion f l y  ashes  i n  t u r n  is determined by its concentrat ion i n  t h e  
coa l  and the  s i z e  o f  t h e  f l y  ash p a r t i c l e s .  The smaller f l y  ash  p a r t i c l e s  
were found t o  contain g r e a t e r  amounts o f  s p e c i f i c  element than the  l a r g e r  par t -  
i c l e s .  Tn comparison, t h e  d i f fe rences  i n  t h e  amount of a s p e c i f i c  element 
found i n  t h e  low ash  fus ion  was observed t o  be dependent on its concentrat ion 
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in the  c o a l ,  its p a r t i c l e  s i z e  as wel l  as boi ler  temperatures. 
fusion f l y  ash p a r t i c l e s  and lower boi l er  temperatures, when compared to the 
larger p a r t i c l e s  and higher bo i l er  temperatures, contained the  greater amounts 
of the majority of the above elements. 

The smaller low 

TABLE 2 

Upper Reading Conditions of Coal Fired Boilers 

B o i l e r  A Generation Statlon 

Coal 

Hillrant 
Wilil."t 
ni11tant 

Hilitant 
Deep Hollow 

-- 

Deep IlOllOU 

Deep Ilollow 
Upahur 

Badger 

Coal 
(TPH) 

110 

108 

102 

110 

140 
I14 

142 
198 

188 

I_ 

011 
I 
0 

0 
0 
0 
12 
0 
0 
0 
0 

- 
Gar 
- (HCF) 

2YOO 

400 

1125 

1145 
0 

0 

0 
0 

0 

Pr..."CP 
( H I I I S )  

10.8 
10.5 
30.5 
10.5 
19.65 
19.65 
29.65 

29.8 

19.1 

Excesa O2 
I 
5.4 
8.0 

6.6 

3.9 
5 . h  
8 .0  

6.8 

4 . 7  

3 . 1  

Additive 
Feed Rlli  8oller Temperature (F) 

LPll-40 CTPL H h b w e  Super 
Gnll l i r  Lbalhr Paver Flair Ll8Hkot I k a t e r  

18 25  full - 
18 25 nin. - 
18 15  int. - . .  
11.5 25 ruii - 
14 25 ruii - 
I 4  15 lor  - 1450 - 
16 20 i n t .  - 15So - 
18 0 Lull 1670 1590 1565 
18 25 r u i i  2550 1 7 5 0  ILIO 

Dotlcr B eu,,, .rJll,I,t station AslJ 11 I v v s  Ill Boiler Tnuv .  111 nl . l l*a ,n l  TrEp. 
Il.lafi"e I Feod ULCS Above Aliove 

Flame 

___ _- 
- Power Pressure ~ x e e r s  LrA-40 control n Flame 

Cod Output Z ( m d l e )  01 rol/hr l b s l h r  Flame Basket Arch Plamr Unskcl Arch 

1.8 12 0 1150 1610 1080 1150 1510 1480 

27.8 3.1 28 0 I125 1400 1680 2970 1400 I120 

Blend 95 27.8 1.4 28 0 1100 1815 2250 1100 1731 1815 
Ellsworth 98 27.7 1.5 0 0 1100 1815 2210 1100 1740 1820 

Yellmore 94 27.8 16 0 '  1050 1900 llBD 1950 171s 1500 
Ackiai  50 27.8 S.0 16 0 2870 1590 1780 2950 1620 1500 
Nor. 97 3.5 2ll 0 3100 1850 2175 1250 1700 1700 

wellmore 
C.Et"I I 1  89 

CaCt". # 2  loo 
Y a l h o r e  

- -- 

Doilec C end Boiler 0 Ccneration Ststion 
Addltiv. 
Feed R a t e  A b O W  

Flame Coal PIERDYr.. LPA-40 Control H 
Cn.1 (TPII) (mllg) I Excess 0 )  Rsllhr Ibslhr Powor Flame Dashel Arch - 

Boiler C 113 4.2 0 0 
Boiler D IO] 4.7 0 0 full 2650 2700 2700 

f u l l  - 2600 - 
-. . . .. . 
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There appears t o  be some c o r r e l a t i o n  between t h e  d i f fe rences  i n  trace e l e -  
ment leaching observed f o r  t h e  f l y  ashes  and t h e  concentrat ion of these  elements 
a t  t h e  sur face  of t h e  f l y  ash p a r t i c l e s  provided t h a t  g r e a t e r  than 50% of t h e  
element is concentrated a t  t h e  sur face .  
t h e  major port ion of t h e  Cd, Cu, Zn, C r ,  Pb, and Mo present  i n  t h e  f l y  ash  par t -  
i c l e s  a r e  concentrated a t  t h e  sur face  of t h e  f l y  ash  p a r t i c l e s .  
revea l  t h a t  t h e  d i f fe rence  i n  leaching of t h e  Cd, Cu, Zn, C r ,  Pb and Mo by a ma- 
j o r i t y  of  t h e  f l y  ashes  can be cor re la ted  with t h e  d i f fe rences  i n  t h e  amounts of 
those elements present  i n  t h e  f l y  ashes .  
not  concentrated a t  t h e  sur face ,  as was reported by Hansen and Fischer  t o  be t h e  
case f o r  N i  and Fe(2), our r e s u l t s  i n d i u a t e  no c o r r e l a t i o n  between t h e  d i f f e r e n c e  
in leaching by t h e  fus ion  f l y  ashes  and t h e  d i f fe rences  i n  t h e  amounts of these  
elements present  i n  these  f l y  ashes. 

Hansen and Fischer  (2)have shown that 

Our r e s u l t s  

However, when t h e  trace elements are 

The exceptions t o  the  above c o r r e l a t i o n s  is Mn. 
t i o n  of Mn a t  t h e  sur face  of t h e  f l y  ash  p a r t i c l e s  was reported by Hansen and 
Fischer  t o  be less than 50%, our r e s u l t s  show t h a t  most of t h e  d i f fe rences  i n  
leaching exhibi ted by t h e  Blend, Wellmore Cactus tl, M i l i t a n t ,  Deep Hollow and 
Wellmore Ackiss f l y  ashes  can be cor re la ted  with t h e  d i f fe rences  i n  t h e  amount 
of manganese present  i n  these  f l y  ashes .  

Although, t h e  concentra- 

Differences i n  t h e  leaching of t h e  above elements as they r e l a t e  t o  p a r t -  
ic le  s i z e  and boi le r  temperatures is explained as fol lows.  
elements leached from small f l y  ash p a r t i c l e s  and l a r g e  f l y  ash produced from 
t h e  same coal  under t h e  same b o i l e r  condi t ions show t h e  smaller  p a r t i c l e s  i n  
general  leach g r e a t e r  q u a n t i t i e s  of t h e  above elements than t h e  l a r g e r  p a r t i c l e s .  
If t h e  d i s t r i b u t i o n  of leacha te  elements wi th in  t h e  d i f f e r e n t  phases present  i n  
t h e  f l y  ash are t h e  same, t h e  smaller p a r t i c l e s  would expose a g r e a t e r  leachable  
sur face  area.  

A comparison of t h e  

Boiler  temperatures probably inf luence  t h e  leaching charac te rs  of t h e  f l y  
ashes  by f i x a t i o n  of t h e  leachable  elements. The d i f f e r e n t  leaching r e s u l t s  ob- 
ta ined  with the  low fus ion  f l y  ashes  produced from t h e  same coa l  a t  t h e  same 
time indicated that operat ion of  t h e  b o i l e r  a t  temperatures above t h e  ash fus ion  
temperatures, a long with t h e  a s h  remaining i n  t h e  fused s t a t e  f o r  longer lengths  
of time can reduce t h e  leaching exhibi ted by t h e  f l y  ashes .  
temperatures, lead t o  some f i x a t i o n  of these  elements i n t o  t h e  non-soluble por- 
t i o n  of the f l y  ash.  
contained t o  some exten t  within a water s o l u b l e  component located a t  t h e  sur face  
of t h e  ash which is eventual ly  removed when t h e  f l y  a s h  i s  brought i n  contac t  
with t h e  aqueous ash  pond e f f l u e n t .  
be in general  r e l a t e d  t o  1 )  t h e  amount of t h i s  element present  i n  t h e  f l y  a s h  
(provided t h a t  a major port ion t o  t h e  element i s  loca ted  a t  t h e  sur face) .  2) t h e  
sur face  area of t h e  f l y  ash  p a r t i c l e s  and 3) t h e  b o i l e r  temperature encountered 
by t h e  f l y  ashes  during t h e i r  formation. 

Apparently, these  

The leaching r e s u l t s  suggest  that the  leachable  elements a r e  

The leachable  amounts of  each element can 

Three separa te  ash  pond samples were used t o  evaluate  t h e  e f fec t iveness  of 
Analysis  of these  ash pond sam- t h e  f l y  ash i n  t r e a t i n g  f l y  a s h  pond e f f l u e n t .  

p l e s  are presented i n  Table 3. 

The r e s u l t s  show t h a t  f l y  ash  can be used f o r  t reatment  of Cd, B ,  Sn, Mo, 
N i ,  pb, C,  Cu, Zn, Mn, Fe, A s  and organics  i n  these  ash  pond e f f l u e n t s .  Remo- 
v a l s  of grea te r  than 75 percent  were achieved f o r  a l l  of t h e  above elements 
d t h  t h e  exception of Boron and Molybdenum where removals of only 21% and 43%. 
respec t ive ly  were obtained. 
of lead  remaining i n  t h e  t r e a t e d  a s h  pond sample remained below d e t e c t a b l e  
levels with no ind ica t ion  of breakthrough even a f t e r  passing 36 liters of ash  
pond sample through t h e  f l y  a s h  generated from t h e  Nora coals .  

For example, F igure  1 shows t h a t  t h e  concentrat ion 

These removals 
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were achieved even though t h e  concentrat ion of lead in t h e  ash  pond sample was 
increased 
dr inking s tandard  f o r  lead  is 0.05 mgll. The except ional  remuval of lead does 
not appear t o  be due t o  p r e c i p i t a t i o n  s i n c e  t h e  concentrat ion of lead  i n  t h e  ash  
pond sample was kept  below t h e  maximum s o l u b i l i t y  of  the lead  as measured as a 
funct ion of  pH (See Fig.  2). Also, t h e  pH measured i n  t h e  t rea ted  ash  pond 
e f f l u e n t  ranged from an a l k a l i n e  va lue  of  10 down t o  an a c i d i c  va lue  of 6 during 
t h e  removal of l e a d  from 36 l i t e r s  of ash  pond sample. (See Fig. 3 ) .  

t o  3.0 mg/l ( see  dot ted  l i n e  in Pig.1). The max- allowable primary 

TABLE 3 

Elemental Concentration of Actual Ash Pond Eff luent  Used 
I n  Fly Ash Sorbate  Charac te r iza t ion  

Sample A Sample B Sample C 
Element wl1 m d 1  mgll  

Cadmium N.D.* N.D.* 0.02 
Boron 3.30 3.30 2.80 
Tin 0 .90  2.07 1.01 
Moly M enum 3.0 2.70 0.41 
Nickel 0.26 0.11 0.09 
Lead 1.80 0.35 0.62 
copper .01 0.01 0.09 
Chromium .4a 0.18 0.09 
Zinc .16 0.06 1.48 
Manganese .24 0.24 0.40 
I ron  0.22 0.05 0.10 
Arsenic 0.16 0.15 0.13 

*N.D. - below measurable l i m i t s  

The genera l  s o r b a t e  c h a r a c t e r i s t i c s  of t h e  f l y  ashes  are favored by low ash 
fusion temperatures ,  combustion temperatures t h a t  favor  t h e  fus ion  of t h e  f l y  
ash during formation and t h e  time that the f l y  ashes  remain in t h e  fused s t a t e .  
No c o r r e l a t i o n  could b e  es tab l i shed  between t h e  s o r b a t e  c h a r a c t e r i s t i c  of t h e  
f l y  ashes and t h e i r  bulk major, minor and trace elemental  compositions nor wi th  
t h e i r  major and minor elemental surface compositions. 
be es tab l i shed  between t h e  treatment achieved with t h e  f l y  ashes  and p a r t i c l e  
s i z e  of t h e  f l y  a s h  p a r t i c l e s .  
re la ted  t o  its organic  removal proper t ies .  

Also, no c o r r e l a t i o n  could 

Only t h e  carbon content  of t h e  f l y  ash  could be 

The sorba te  c a p a c i t i e s  of t h e  f l y  ashes ,  i d e n t i f i e d  in t h i s  inves t iga t ion  
to  provide t h e  best t reatment ,  average about 80 ug/gm f o r  t h e  Cadmium, Copper 
and Zinc, 3.4 ug/gm f o r  Arsenic and 700 uglgm f o r  t h e  organics .  However, t h e  
sorbate  capac i ty  f o r  Arsenic may be increased with f u r t h e r  washing of the  f l y  
ashes. 

These c a p a c i t i e s  were found t o  be independent of pH in t h e  range from 
abu t  6 t o  10. 
served t o  be independent of t h e i r  i n l e t  concentrat ions i n  t h e  ranges from 0.52 
mgfl to 2.0 m g l l ,  0.52 mgll  t o  3.5 mgll ,  0.30 mg/l t o  3.0 mg/l and 0.56 mg/l t o  
4.0 wfl, respec t ive ly .  

Also, t h e  removals of Cadmium, Copper, Lead and Zinc were ob- 

Greater than 75 percent  removals of  t h e  Cadmium, Copper and Zinc present  
i n  the  a s h  pond samples were achieved within a 1 5  minute contac t  time between 
t h e  f l y  ash and the sample. 
elements i n  ash  pond e f f l u e n t  can be achieved with t h e  same f l y  a s h  t h a t  o r i g i -  

The r e s u l t s  i n d i c a t e  that removal of t h e  above 
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n a l l y  leached these  elements. The washed f l y  ash  was observed t o  have a s i g n i f i -  
can t  excess of  sorba t ive  capac i ty  beyond that required to t r e a t  t h e  elements mi- 
g i n a l l y  leached from t h e  f l y  ash.  

F inancia l  support for t h i s  wrtc ZBS provided by t h e  U.S. Department of 
Energy, Universi ty  Coal Research Programs PETC, P i t t sburgh ,  Pennsylvania under 
Grant No. DE-FG22-80PC30231. 
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OXYGEN ISOTOPIC STUDY OF THE OXIDATION OF SO2 
BY HzOz I N  THE ATMOSPHERE 

B. D. Holt and R. Kumar 

Argonne National Laboratory, Argonne, Illinois 80439 

INTRODUCTION 

Considerable interest has been shown in the possibility of using oxygen isotopy to elucidate the role of 
HzOz in the oxidation of SO2 to sulfates in the atmosphere (1). The potential importance of HzOz lies in the 
view that aqueous-phase oxidation of SO2 to HzSO, probably accounts for a major fraction of the observed 
SO:- in the precipitation occurring in the northeastern United States. The key reactants responsible for 
the this oxidation are not well known, although a large number of possible catalysts and oxidants exist 
in the atmosphere, including carbon, transition metal ions, hydroxyl and organic free radicals, hydrogen 
peroxide and ozone. Of these, the last two are the only ones believed to be present in su5cient quantity to  
produce the observed amounts of SO:- in wet deposition. It  is quite possible that the atmospheric oxidation 
of SO2 is limited by the availability of one or both of these oxidants, rather than by the availability of 
SO2 itself. It is therefore important to determine if indeed HzO2 has a pivotal role in acid formation and 
deposition from the atmosphere. 

Oxygen isotopic studies are useful in distinguishing between the different oxidation mechanisms effective 
in the atmosphere. Laboratory simulation of several dicerent atmospheric reaction sequences has shown 
that the oxygen isotope ratio in the product SO:- is uniquely related to  the reaction pathway fol- 
lowed in its formation (2). I t  may therefore be possible to determine if the atmospheric hydrogen peroxide 
is responsible for significant oxidation of , 902  to sulfate, and if it is this oxidant that limits the aqueous- 
phaw formation of sulfuric acid. The results of these studies could have significant implications for 
energy technology, particularly if they indicate that it may be more important to reduce the ambient 
concentrations of HzOp than of SOz. 

In the 1981 JASON committee report to the U.  S. Department of Energy (I) ,  some recommendations 
for further research were based, at least in part, on our earlier work on SO2 oxidation by HzOz (3). In 
those studies the 6"O (deviation in parts per thousand (Ym) of the 180/1e0 ratio of the sample from 
that  of the standard reference material, Standard Mean Ocean Water (SMOW)] of sulfates produced by 
H202 oxidation were significantly lower than the 6"O of sulfates found in rainwater. However, the 6I8O 
of the reagentgrade H202 used in those experiments was not known. The results suggested the need for 
isotopic analysis of H 2 0 2  in dilute solutions, and for a methodology whereby the 6I8O values of H202, 
H20, and SO:- in rainwater could be compared in order to assess the importance of H z 0 2  in the formation 
of sulfateconstituted acid rain. 

EXPERIMENTAL 
The plan of this investigation was to develop a method for the determination of the P O  of H202 in 

dilute aqueous solutions (simulating rainwater); to prepare solutions of H z 0 2  of various '"0 enrichments; 
to use the freshly prepared solutions of H202 to oxidize SO2 to SO:- for evaluation of the relationship 
between ~ 5 ~ ~ 0 ~ ~ ; -  and 6 1 8 0 ~ z ~ 2 ;  and to apply this relationship to  the measured 6 1 8 0 ~ 2 0 z ,  6i80s0*-, 

and 6 ' 8 0 ~ 2 ~  in precipitation water, for assessment of the importance of Hz02 in the atmospheric 
transformation of SOz to sulfate. 

DeveloDment of Anahtical Method 

No suitable analytical method was available for the quantitative extraction of the oxygen in H2OZ, 
(dissolved in water in the ppb range), for isotopic analysis. A 4-step method was developed (4). It  consisted 
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of the removal of d iwlved  0 2  from 20-liter samples of water by a combination of evacuation, ultrasonic 
agitation, and sparging with helium; oxidation of the dissolved HzO2 to 0 2  in the water with KMnO,; 
removal of the newly formed 0 2  from the water in a carrier-gas stream; and conversion of the 0 2  to COz 
by reaction with platinum-catalyzed carbon at tWODC. The COz w a s  then mass spectrometrically analyzed 
for its 6 1 8 0  (identical t o  that of the oxygen in the original HzOz). 

To confirm the absence of appreciable isotopic interference by oxygen exchange between the HzO and 
either tbe Hz02 or the  0 2 ,  before, during, or after the oxidation reactions, the reaction was carried out 
in the presence of three different water supplies of various 6180. The results in Fig. 1 show that the 6180 
of the COz product was unaEected by the 6l8O of the water solvent. 

Svntbesis of 6180-enriched H z G  
Hydrogen peroxides of various 6 1 8 0  were not commercially available. A suitable method of synthesis 

was identified and successfully applied to the laboratory preparations of four stock solutions of Hz02 of 
different 6"O. By this methcd(5), H202 is formed by exposure of diEerent supplies of water vapor (each 
differing in 6"O) to a high-voltage (-1.4 kV) discharge in -100 cm of 10-mm 0.d. glass tubing between 
two water-cooled aluminum electrodes. Some of the HO radicals formed by the dissociative reaction 

2H20 S 2HO + 2H 

are condensed in a liquid-nitrogen cold trap where they combine to form HzOz, leaving the H radicals to  
combine in formation of Hz and be pumped away through the vacuum line. 

Other techniques which we experimentally found to give inadequate yields of H202  were conduction 
of an electric a n  across a stream of aerosolized water droplets (e), excitation of water vapor by a radio- 
frequency silent discharge in a glass chamber (7.5 cm dia X 20 cm long) in a commercially available 
plasma cleaner unit, and excitation by a glow-discharge unit (4.8 cm dia X 70 cm long) that had uncooled 
aluminum disk electrodes (7). 

Oxidation of SO2 to SO:- by Hz02 

Using the four stock solutions of hydrogen peroxide, each of different 6180, sulfate solutions of 
correspondingly diEerent 6"O were prepared by oxidation of SO2 (of constant 6180)  in water (6180= 
-7.90/,). In Fig. 2 the 6"O of each resulting sulfate is plotted versus the 6180  of the H20z and the 
equation of the best-fit regression curve is 

1 )  

6180so:- - 0.43 6 1 8 0 ~ 2 ~ z  + 3.SYm 2) 

The regression curve of the previously determined (3) relationship between 6180s0~- and 6 " O ~ ~ o  in 

aqueous-phase oxidation of SO2 by Hz02 was 
4 

b180so;- 0 .576180~20  - 2.4.!, 3) 

Assuming that all significant effects of the 6180 of the SO2 on the 6180 of the SO:- are lost by rapid 
isotopic exchange between the SO2 and the large excess of water, prior to appreciable oxidation (3), 
6 " 0 ~ , 0  and 6 1 8 0 ~ z ~ 2  remain as the only two complementary variables in the equation for 6180so:-; 

therefore, the comprehensive regression curve for 6180s02- is 
I 
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The constant, C, was evaluated a t  8.4% from the data given in Fig. 2 by substituting the corresponding 
measured values for 6180s0*- and 6 1 8 0 ~ 2 ~ 2 ,  and -7.9% for 6 1 8 0 ~ 2 ~ .  

4 

The comprehensive equation then became 

6l8Os0:- - 0.57 6 1 8 0 ~ 2 ~  + 0.43 6 1 8 0 ~ 2 ~ 2  + 8.49/, 

and can now be used t o  calculate 6"O 2- from 6 " ' O ~ ~ o ~  and 6 1 8 0 ~ 2 ~  of rainwater for comparison 

with corresponding measured values of 6180s0:-. This comparison may prove to be uniquely useful in 

the assessment of the importance of HzO2 in the oxidation of SO2 to SO:- in the atmosphere. 

The slope of 0.43 (approximately 2/5) in Equation 2 of the regresaion c w e  through the data of 
Fig. 2 confirms the evidence of the intermediate species, H 2 0 z  . SO:-, which was previously proposed (3). 
Apparently, the 6"O of the sulfate product is 2/5-controlled by the two oxygens in the Hz02 of the adduct, 
and 3/bcontrolled by the SO:-, which, in turn, is isotopically controlled by rapid oxygen exchange with 
the large excesa of water with which it is associated. 

so4 

PRELIMINARY RESULTS 
The thrust of this paper is to  report the readiness of a new isotopic method for studying the oxidation 

of SO2 by HzOz in the atmosphere. So far, the analytical procedure has been applied to samples of 
rainwater from only two rain events at Argonne, IL. We recognize the uncertainty of the significance 
of results from so few samples; however, we present them as suggestive of what may follow in more 
comprehensive sampling programs. 

The rainwater was collected by four 1-mz dish-shaped plastic funnels. The funnels were inverted 
skylights, fitted with drainage connections. Enough water w a s  collected to  provide duplicate 2D-liter 
samples from each of the two rains. The f i s t  duplicate of each rain was analyzed a3 soon as operationally 
practical after collection; the second, a few days later, after storage in the polyethylene bottles in a "cool," 
unrefrigerated location. The analytical procedure was also applied to  a dilute solution of H202 from a 
reagent-bottle supply of 30% HzOz (Fisher Scientific Company, H-325 Lot 720017), added to 20 liters of 
distilled water. 

The results of these analyses are given in Table 1. The concentrations of H202 in rainwater (derived 
from measurement of the COz formed from the 0 2  of H 2 0 2  origin) ranged from 55 ppb and 35 ppb in the 
fvst duplicates of each sample, to  18 pph and 5 pph in the second duplicates. The decrease in concentration 
during storage for each sample was apparently caused by autodecomposition of the HzO2. The  6180 of 
the Hz02 (-31% for each sample) was relatively high in comparison to that of air oxygen (23.5%) and 
very high in comparison to the reagent-bottle H 2 0 2  (--8%). 

The measured values of 6 1 8 0  for sulfate in the 6rst duplicate sample of each rain appeared to be 
significantly less (2-3s) than the values calculated from the 6"O 's of H 2 0  and H 2 0 2 ,  using Equation 8. 
This suggests that the SO:- in a fresh sample of rain may be a mixture of SO:- formed by H 2 0 2  oxidation 
of SO2 and SO:- formed by other mechanisms known to yield lower 6"O values (3). The apparent decrease 
in 6 1 8 0 ~ I ~ t  (and correspondingly the calculated 6"O 2-) with autodecomposition of the H 2 0 2  during 

storage is surprising and not yet fully understood. Whether the 6 l 8 0  of the residual H202  increases or 
d e c r e w  during autodecomposition may depend on the catalyst(s) involved in the reaction (8-10). 

so4 
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TABLE I 

SUMMARY O F  RESULTS, H202 IN 20-L SAMPLES: REAGENT, RAIN 

Storage H101 

Duplicate Time Concentration Recovery 6 1 8 0 ~ z ~  6 1 8 0 ~ 2 ~ 2  6'80s02- 
4 

Sample (days) (ppb) (%) (measd) (measd) (calcd). (measd) 
(%I (r) (%I (24 

Reagent 1 0 425 95 
FSC 2 0 425 86 

-5.4 
-6.5 

Rain 1 3 55 - -4.1 31.1 19.5 16.2 
c25/ar 2 8 16 - 22.4 15.7 

Rain 1 1 35 - -3.3 30.8 19.7 17.6 
l & l W  2 5 5 - 22.4 16.1 

6"Os0:- (cried) = 0.57 ~ " O H ~ O  (rnro.4) + 0.43 ~ ' * O H ~ O ,  + 8.4. 
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OOAL ODWUSTION AND FOREST EOOSXSW HEAL'IE 

William E. Smith 

School of Forestry and E m i r o m e n t a l  Studies  
Yale Universi ty  

370 R o s p e c t  S t r e e t  
New Baven, a, 06511 

Ab s t r a c t  

E i s t o r i c a l l y ,  the cambustion of f o s s i l  f u e l s  has  d i r e c t l y  o r  i n d i r e c t l y  been 
the source of a i r  contaminants a t  th ree  leve ls ;  loca l ,  regional ,  and global. 
Pol lu tan ts  of importance a t  the l o c a l  l e v e l  have included s u l f u r  dioxide and 
t race metals. Local f o r e s t  damage i s  confined t o  a zone of a few ha immediately 
s ~ r r o u n d i n g  a f a c i l i t y  and f o r  a d i s tance  of several  t o  t e n s  of km downwind. 
Regional a i r  p o l l u t a n t s  may be deposi ted over expansive f o r e s t  a reas  because 
they a r e  t ranspor ted  t e n s  o r  hundreds of km from point  of re lease  due t o  small 
s ize  or snythes is  i n  t h e  atmosphere f r a u  precursors  introduced i n t o  the 
troposphere. Regional a i r  po l lu tan ts  of po ten t ia l  inf luence f o r  f o r e s t s  
include; oxidants ,  t race  metals, and a c i d  deposi t ion.  Global p o l l u t a n t s  
inf luence the e n t i r e  atmosphere of the ear th ,  e.g. halocarbons and carbon 
dioxide. The l a t t e r  i s  important because of the poten t ia l  it has  t o  influence 
global climate. Risks assoc ia ted  wi th  regional  and global a i r  p o l l u t i o n  and 
f o r e s t  h e a l t h  a r e  high. The evidence ava i lab le  t o  descr ibe t h e  t o t a l  boundaries 
of the problem f o r  a l l  p o l l u t a n t s  i s  incauplete .  

Introduct ion 

A challenge of d e v e l o p d  na t ions  throughout t h e  tcrmprate zone i s  a i r  
qua l i ty  p o l i c i e s  tha t  p ro tec t  na tura l  resources  a s  wel l  a s  human heal th .  
Throughout Europe and North h e r i c a ,  t h e  decade of the  Eight ies  w i l l  be recorded 
a s  a per iod of profound decis ions regarding atmospheric contamination and 
natural  resource qua l i ty .  The central  issues f o r  those i n t e r e s t e d  i n  f o r e s t  
hea l th  a r e  a s  f o l l o a s .  Is a i r  p o l l u t i o n  inf luencing the growth of f o r e s t s  or 
individnal  species ,  Changing t h e  spec ies  composition of f o r e s t  communities o r  
destroying c e r t a i n  t ree  species, assoc ia ted  p l a n t s  o r  animals over s ign i f icant  
f o r e s t  a r e a s ?  In a n  e f f o r t  t o  answer t h i s  quest ion,  I s h a l l  d i scuss  t h e  
s p a t i a l  s c a l e s  of a i r  po l lu t ion  s t r e s s  and what we know about the  response 
of t rees  t o  p o l l u t a n t s  a t  these scales. 

Local. regional  and  global-scale  ai+ p o l l u t a n t s  

Local- 

k i n g  t h e  f i r s t  two t h i r d s  of the twent ie th  century, research and 
r e ~ n l a t o r y  e f f o r t s  were focused on l o c a l  a i r  p o l l u t a n t s  and acute  vegetat ive 
effects .  P o l l u t a n t s  of primaly concern were su l fur  dioxide, p a r t i c u l a t e  and 
gaseous f luor ide  compounds and numerous heavy metals  such a s  lead ,  copper, and 
zinc. Occasional i n t e r e s t  was expressed i n  o ther  inorganic  gases  including 
ammonia, hydrogen s u l f i d e  and chlor ide,  and chlor ine.  The sources  of these 
pol lu tan ts  were and a r e  typ ica l ly  d i s c r e t e  and s t a t i o n a r y  f a c i l i t i e s  f o r :  
energy production. f o r  example, foss i l - fue l  e l e c t r i c  generat ing plants ,  gas 
p u r i f i c a t i o n  p lan ts ;  metal r e l a t e d  i n d u s t r i e s ,  for  example, copper, n i c b l ,  
lead,  z i n c  o r  i r o n  smelters, aluminum production plants ;  and diverse  o t h e r  
industr ies ,  for  example, cement plants ,  chemical and f e r t i l i z e r  p l a n t s  and pulp 
mills. 

212 



i 

It i s  appropriate  f o r  us t o  consider  the  above p o l l u t a n t s  local-scale  
because f o r e s t  a reas  d i r e c t l y  a f fec ted  by these  f a c i l i t i e s  a r e  t y p i c a l l y  
confined t o  a zone of a few kin immediately surrounding t h e  p lan t  and f o r  a 
dis tance of several t o  t e n s  of km downwind. The dimensions of the surronnding 
and downwind zones of influence a r e  v a r i a b l e  and pr imar i ly  cont ro l led  by source 
s t rength  of the e f f luent ,  l o c a l  meteorology. regional  topography and 
s u s c e p t i b i l i t y  of vegetation. In any case, t h e  f o r e s t  influence i s  confined t o  
a region general ly  l e s s  than a thousand hectares .  

Ren iona 1- 

During the  past t h r e e  decades r e  have become increasingly aware of 
regional-scale  a i r  po l lu tan ts .  The regional  designat ion i s  appl ied because 
these contaminants may af fec t  f o r e s t s  tens ,  hundreds, or even thousands of 
ki lometers  from t h e i r  s i t e  of or igin.  Ihe  regional  a i r  p o l l u t a n t s  of g r e a t e s t  
documented or potent ia l  influence f o r  f o r e s t s  include:  oxidants ,  most 
importantly ozone; t r a c e  metals, most important ly  heavy meta ls  - e.g. cadmium. 
cobal t ,  copper, lead, mercury, molybdenm, n i c b l .  vanadium, zinc; and a c i d  
deposi t ion,  most importantly s u l f u r i c  and n i t r i c  acids .  Ozone, s u l f u r i c  and 
n i t r i c  ac ids  a r e  termed secondary a i r  p o l l u t a n t s  because they a r e  synthesized i n  
the atmosphere ra ther  than re leased  d i r e c t l y  i n t o  the atmosphere. Zhe precursor  
chemicals, re leased d i r e c t l y  i n t o  t h e  atmosphere and causing secondary pol lu tan t  
formation, include hydrocarbons and ni t rogen oxides  i n  the case of ozone, and 
s u l f u r  dioxide and n i t rogen  oxides i n  t h e  case of s u l f u r i c  and n i t r i c  acid. Ihe  
combustion of the f o s s i l  f u e l s  coal, o i l ,  gas re lease  sane hydrocarbons and 
s u l f u r  dioxide. The h e a t  of combustion causes n i t rogen  and oxygen t o  reac t  and 
fonn nit rogen oxides. Many a c t i v i t i e s  generate small p a r t i c l e s  (approximately 
0.1 - 5 p diameter) .  n o s e  a c t i v i t i e s  assoc ia ted  w i t h  combustion ( p a r t i c u l a r l y  
coal burning) can p r e f e r e n t i a l l y  contaminate these small p a r t i c l e s  w i t h  t r a c e  
metals. Because t h e  formation of secondary a i r  p o l l u t a n t s  may occur oyer tens  
or hundreds of km from the s i t e  of precursor  re lease .  and because small 
p a r t i c l e s  may remain airborne f o r  days or weeks, these p o l l u t a n t s  may be 
t ransported 100 t o  more than 1000 km from t h e i r  or igin.  Eventual wet and dry 
deposi t ion of the p o l l u t a n t s  on to  lakes ,  f i e l d s ,  or f o r e s t s  may occur over l a r g e  
r a t h e r  than small areas .  

The U.S. Environmental R o t e c t i o n  Agenoy and t h e  U.S. Department of 
Agricul ture ,  Forest  Service e s t a b l i s h e d  a network of a i r  monitoring 
s t a t i o n s  t o  measure ozone concentrat ions i n  remote a reas  of National Forests .  
Analysis of se lec ted  high Ozone events during 1979 suggested t h a t  long-range 
t ranspor t  of a i r  masses contaminated by urban centers  contr ibuted t o  peak 
concentrat ions a t  remote s i t e s  (3) .  In a study of r u r a l  ozone episodes i n  the 
upper-midnest, R a t t  e t  a l .  (18) presented evidence t h a t  Ozone and precursors  
were t ransported 275 !m from Kinneapolis-St. Paul. S tudies  of t r a c e  metal 
concentrat ions,  i n  t h e  atmosphere i n  remote northern and southern hemispheric 
s i t e s  revealed t h a t  the natural  sources  include the oceans and the weather ing of 
t h e  ear th ' s  crust ,  while the  major anthropogenic source i s  p a r t i c l e  a i r  
po l lu t ion  (23). Murozumi e t  a l .  (13)  showed t h a t  long range t ranspor t  of l e a d  
p a r t i c l e s  from autanobi les  s i g n i f i c a n t l y  pol lu ted  p o l a r  g lac ie rs .  
the annual lead  deposi t ion on a remote northern hardwood f o r e s t  i n  New Hampshire 
t o  be 266 g per  hectare .  This caused lead  contamination of the  f o r e s t  f l o o r  5-10 
times greater  than the est imated p r e i n d u s t r i a l  concentrat ion ( 2 0 ) .  

We est imated 

Evidence i s  ava i lab le ,  s a t e l l i t e s ,  surface depos i t ion  of aerosol  s u l f a t e  and 
reduced v i s i b i l i t y  (2. 22, 28).  f o r  long-range t ranspor t  of ac id i fy ing  
p o l l u t a n t s  f ran  nmerous sources. Ihuing t h e  winter ,  approximately 20 percent 
of the emissions from t a l l  power plant  s tacks  i n  nor theas te rn  United S t a t e s  may 
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remain e leva ted  and r e l a t i v e l y  coherent f o r  more than a day and 500 km (24) .  

The long d is tance  t r a n s p o r t  of regional  p o l l u t a n t s  means they may have , 

i n t e r s t a t e ,  i n t e r n a t i o n a l  and even in te rcont inenta l  s ignif icance.  It means 
f u r t h e r  t h a t  t h e  f o r e s t s  subject  t o  t h e i r  depos i t ion  exceed t e n s  of thousands of 
bmz. 

Global- 

In the  past  25 years, we have become concerned wi th  a t h i r d  s c a l e  of a i r  
pollution--global. Global p o l l u t a n t s  a f f e c t  the e n t i r e  atmosphere of the ear th .  
B o  global air p o l l u t a n t s  of spec ia l  note include carbon dioxide and 
halocarbons. 

Careful monitoring of carbon dioxide during t h e  past  two decades i n  Eara i i ,  
Alaska, New York, Sweden, Austr ia  and the South Pole  has  f i rmly  es tab l i shed  tha t  
carbon dioxide i s  s t e a d i l y  increasing i n  t h e  global atmosphere. lh i s  increase 
i s  due t o  anthropogenic a c t i v i t i e s  including f o s s i l  f u e l  combustion. It may 
also be caused by a l t e r e d  land use management, such as, f o r e s t  des t ruc t ion  i n  
the t ropics .  Zhe atmospheric carbon dioxide concentrat ion has been est imated t o  
have been approximately 290 p p  ( 5 . 2 ~ 1 0 4  pg m-3) i n  t h e  middle of the  nineteenth 
century. Today, the carbon dioxide concentrat ion approximates 340 ppm (6.1 x 
l o5  pg m-3) and i s  increas ing  about one ppu (1.8 x lo3 pg m3) per  year .  
1977-78 i t  increased  1.5 p p  (2.7 x lo3 pg I U - ~ ) .  
increasing r a t e  continues, the carbon dioxide amount i n  the global atmosphere 
may be near ly  two  times t h e  present  valne ( 5 ) .  

I n  
I n  t h e  y e a r  2020, i f  the 

Natural ly  occurr ing  s t r a t o s p h e r i c  ozone i s  important because i t  screens the 
ear th  from b i o l o g i c a l l y  damaging u l t r a v i o l e t  r a d i a t i o n  -- l i g h t  with wavelengths 
between 290 and 320 nananeters - re leased  by the sun. Ealocarbons re leased  by 
humans can deple te  the  natural  ozone l a y e r  surrounding t h e  ear th .  I n  smmary, 
halocarbon molecules, e s p e c i a l l y  chlorofluoromethanes. re leased by var ious  human 
a c t i v i t i e s ,  a r e  t ransported through the  troposphere. They pass  through the  
tropopause and l m e r  s t ra tosphere  and are  decmposed i n  the mid- to  u p p e r  
atmosphere. Free  chlor ine,  r e s u l t i n g  f r a n  decomposition, causes a rapid,  
c a t a l y t i c  d e s t r u c t i o n  of ozone. In 1979. the National Academy of Sciences 
est imated t h a t  r e l e a s e  of halocarbons t o  the  atmosphere, a t  r a t e s  i n f e r r e d  f o r  
1977. would eventual ly  deplete  s t r a t o s p h e r i c  ozone 5 t o  28 percent, most 
probably 17 percent  (14) .  I n  1982, the  National Academy rev ised  i t s  previous 
est imate  and suggested a deple t ion  from 5 t o  9 percent (17). 

Affect of local-scale ,  regional-scale  global-scale  p o l l u t i o n  on f o r e s t  
ecosYstems 

High depos i t ion  of loca l  a i r  p o l l u t a n t s  has  caused documented f o r e s t  
destruct ion.  Eigh s u l f u r  dioxide or f luoride Qses, severely in jure  or k i l l  
f o r e s t  t rees .  Ihe ecosystems, of which the t r e e s  a r e  a par t ,  a r e  s implif ied,  
lose  n u t r i e n t s ,  s u s t a i n  s o i l  erosion, have microclimates and hydrologic pa t te rns  
a l t e r e d  and u l t imate ly  they a r e  destroyed or converted t o  more r e s i s t a n t  seral  
stages. Mi l le r  and McBride (12) reviewed the f o r e s t s  destroyed by l o c a l  air 
pollut ion.  Early i n  t h i s  century, i t  was c l e a r l y  documented i n  nmeroas 
l o c a t i o n s  throughout North h e r i c a  tha t  su l fur  dioxide and t r a c e  metal po l lu t ion  
destroyed f o r e s t s  surrounding metal smelting f a c i l i t i e s .  Smelting centered i n  
Docktown. Tennessee devastated the southern hardwood f o r s s t  over 27 kn? (10.5 
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mi2)  surrounding t h e  p lan t ,  coverted a n  addi t iona l  68 Ian2 (17,OOOA) t o  grass land  
and created a 120 kn? (30,000A) t r a n s i t i o n  zone wi th  a l t e r e d  species  
composition Smelters  i n  t h e  Sudbnry, Ontario, Canada a rea  have caused 
s impl i f ica t ion  of the surrounding mired boreal  f o r e s t  and have caused e a s t e r n  
white  pine mor ta l i ty  i n  a 1865 kn12 (720 mi2) zone t o  t h e  northeast. 

Aluminum reduct ion p l a n t s  have a l s o  caused l o c a l  f o r e s t  d e s t r u c t i o n  I n  
Montana. f luor ide  p o l l u t i o n  k i l l e d  o r  s e v e r e l y  injured ponderosa pine and 
lodgepole  pine on 8 k& (ZOOOA) surrounding a plant .  
pine mortal i ty  and morbidity r e s u l  ted  over  a 130 h2 (50 m i 2 )  a r e a  i n  t h e  
v i c i n i t y  of an aluminum plant. 

I n  Washington, ponderosa 

Local p o l l u t i o n  has  caused e x t e n s i v e  f o r e s t  des t ruc t ion  throughout Enrope. 
Examples a re  i n  Austria, Germany, Eungary, Norway, Poland and Sweden 
Indus t r ia l  operat ions a long  t h e  northern border of Czechoslovakia have caused 
ex tens ive  f o r e s t  d e s t r u c t i o n  

Rcaional- 

Deposition of regional  p o l l u t a n t s  subject  f o r e s t s  t o  d i f f e r e n t  per turba t ions  
then l o c a l -  p o l l u t a n t s  because the doses  a r e  less .  Rather than severe t ree  
morbidity or m o r t a l i t y  w i t h  dramatic symptans, regional  p o l l u t a n t s  s u b t l y  change 
t r e e  metabolism and ecosystem processes. Smith (19) provided a canprehensive 
r e v i e r  of s u b t l e  a i r  p o l l u t i o n  f o r e s t  s t ress .  

Regional a i r  contaminants may inf luence  reproduct ive processes, n u t r i e n t  
uptake or re ten t ion ,  metabol i o  r a t e s  ( e s p e c i a l l y  'photosynthesis) ,  and i n s e c t  
pest and pathogen i n t e r a c t i o n s  of i n d i v i d u a l  t rees .  A t  the ecosystem l e v e l ,  
reg iona l  a i r  p o l l u t a n t s  may inf luence n u t r i e n t  cycling, populat ion dynamics of 
ar thropod or  microbial species, succession, and biomass product ion  I n  the 
instance of high-dose l o c a l - s c a l e  p o l l u t i o n ,  the  symptans a r e  t y p i c a l l y  acute, 
dramatic and obvious (severe disease, mor ta l i ty ,  f o r e s t  s implif icat ion) .  I n  the 
case of lowerdose  reg iona l -sca le  p o l l u t i o n .  the  symptaus a r e  t y p i c a l l y  not 
v i s i b l e  (st l e a s t  i n i t i a l l y ) ,  undramatic and not  e a s i l y  measured Ihe 
in tegra t ion  of regional  p o l l u t a n t  s t r e s s e s  i s  slower g r w t h ,  a 1  t e red  competi t ive 
a b i l i t i e s  and changed s u s c e p t i b i l i t y  t o  pests. Ecosystem symptaus may inc lude  
a l t e r e d  r a t o s  of succession, changed spec ies  composition and biomass 
production. Symptau developuent is, of course, much slower a t  the  reg iona l  
scale .  Evidence of the r e l a t i v e  importance of regional  p o l l u t a n t s  i s  
v a r i a b l e ,  csused i n  p a r t  by the  l e n g t h  of time t h a t  has been devoted t o  the 
study of individual  p o l l u t a n t s  and i n  p r t  by t h e  subt leness  and complexity of 
the p o l l u t a n t  interact ions.  Ihe t o x i c i t y  of t r a c e  m e t a l s  has  been s tudied  f o r  
approrimately 60 years, of OZOM approximately 25 years  and of ac id  depos i t ion  
approximately 10 years. 

Table 1 suggests  t h e  r e l a t i v e  s t rength  of evidence f o r  f o r e s t  responses  t o  
A review of the column t o t a l s  suggests  we b o a  most about reg iona l  po l lu tan ts .  

the regional  e f f e c t s  of oxidants, l e s s  about reg iona l  e f f e c t s  of t race m e t a l s  
and l e a s t  about reg iona l  e f f e c t s  of a c i d  d e p o s i t i o n  A r e v i e r  of the row t o t a l s  
suggests  t r e e  and ecosystem processes  e s p e c i a l l y  v u l n e r a b l e  to  a i r  p o l l u t i o n  
s t ress .  Ihe processes w i t h  a t o t a l  of f i v e  o r  more include; l i t t e r  
decomposition, seedl ing  s u r v i v a l ,  photosynthesis, f o l  i a r  necrosis, t r e e  grwth, 
microbial  pathogen a c t i v i t y ,  and ecosystem succession p l u s  species  omposi t ion.  
Them a r e  t h e  t r e e  and ecosystem processes  a t  p a r t i c u l a r  r i s k  frcm regional  a i r  
p o l l u t i o n  
f o r e s t  t r e e s  and ecosystems. 

Fig. 1 provides  a n  overview of reg iona l  a i r  p o l l u t i o n  inf luenca on 
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Global- 

Increasing carbon dioxide concentrat ion and decreasing s t r a t o s p h e r i c  ozone 
concentrat ion of the atmosphere may a l t e r  global r a d i a t i o n  fluxes. Resumably a 
primary r e s u l t  of more carbon dioxide i n  t h e  a i r  w i l l  be warming. 
incoming s o l a r  r a d i a t i o n  i s  not absorbed by carbon dioxide, port ions of i n f r a r e d  
rad ia t ion  f r a o  e a r t h  t o  space are. Over time. the  
e a r t h  would became wamer. While t h e  f o r c e s  cont ro l l ing  global temperature a r e  
v a r i e d  and complex, the  increase of 0.5OC since t h e  mid-1800s i s  general ly  
agreed t o  be s t  l e a s t  p a r t i a l l y  caused by increased carbon dioxide. By 2000 i t  
may increase an addi t iona l  0.5OC. Numerous models advanced t o  es t imate  t h e  
average global  warming per doubling of carbon dioxide pro jec t  0.7 t o  9.6OC. 
Natural impacts on climate, such as  s o l a r  v a r i a b i l i t y ,  remain important and 
of unclear r e l a t i o n s h i p  t o  anthropogenic causes. A mean global average surface 
warning, however, of 3 1.5OC appears  reasonable  (National Academy of Sciences 
1982 a, b). 

While 

'Ihe consequences of s wanner global climate, w i t h  w e n  a very modest 
t m p e r a t u r e  increase,  on the d e v e l o p e n t  of f o r e s t  ecosystems, could be 
profound. Warming, with increased carbon dioxide i n  t h e  abosphere ,  might 
enhance f o r e s t  growth. Dfnnabe and S t o u f f e r  (8)  have est imated t h a t  a 
doubling of atmospheric carbon dioxide would cause a 30C warming a t  t h e  U.S.- 
Canadian border, while Kellogg (6)  has  suggested t h a t  a r i s e  of l 0 C  i n  mean 
summer temperature extends t h e  growing season by approximately 10 days. Other 
changes a s s o c i a t e d  wi th  global  warming. hcwwer, may r e s t r i c t  f o r e s t  growth. 
Physiological  processes  of plants ,  espec ia l ly  photosynthesis, t ranspi ra t ion ,  
r e s p i r a t i o n  and reprodnct ion are  s e n s i t i v e  t o  temperature. With warming, 
r e s p i r a t i o n  and decompositon may increase f a s t e r  than photosynthesis. 
Transpirat ion and evaporat ion increases  m a y  enhance s t r e s s  on d r i e r  s i t e s .  
Reproduction may be a l t e r e d  by changes i n  dynamics of po l l ina t ing  insec ts ,  
changes i n  flower, f r u i t  or seed se t ,  or changes i n  seedl ing production and 
survival .  'Ihe geographic o r  host ranges of exot ic  microbial  pathogens or  insect  
pes t s  may expand. R e v i o n s l y  innocuous endemic microbes o r  i n s e c t s  may be 
elevated t o  important pest s t a t u s  f o l l m i n g  c l i m a t i c  warning. R e c i p i t a t i o n  
changes a r e  assoc ia ted  with global warming. and c e r t a i n  a reas  w i l l  r ece ive  more 
and o thers  l e s s .  n o s e  a r e a s  rece iv ing  less p r e c i p i t a t i o n  w i l l  a l s o  experience 
increased evaporat ion and t ranspi ra t ion .  Waggoner (26) h a s  es t imated t h a t  the 
projected change i n  weather by the  y e a r  2000 caused by increased atmospheric 
carbon dioxide, w i l l  cause moderate decreases  of 2-12 percent i n  y i e l d  of wheat. 
corn and soybeans i n  t h e  American gra in  belt d w  t o  increased dryness. 
a g r i c u l t u r i s t s  may be ab le  t o  adopt new crop v a r i e t i e s  t o  a d r i e r  climate, 
f o r e s t s  cannot be s imi la r ly  manipulated. Increased drought s t r e s s  over 
widespread f o r e s t  a r e a s  would be expected t o  i n i t i a t e  new rounds of progressive 
t r e e  d e t e r i o r a t i o n  termed diebackldecl ine disease. Bought  i s  t h e  most common 
and important i n i t i a t o r  of f o r e s t  t r e e  decl ine.  
a i r  po l lu tan ts  and o ther  agents  most be evaluated aga ins t  t h i s  background of 
f o r e s t  change caused by c l imat ic  warming. 

While 

Forest  s t r e s s e s  caused by other 

A ser ious consequence of anthropogenic re lease  of halocarbons t o  the  
atmosphere i s  the deple t ion  of na tura l ly  occurr ing s t ra tospher ic  ozone. Sane 
reduct ion i n  halocarbon re lease  has  been achieved i n  t h e  United S t a t e s  and a few 
other countr ies .  Immediate terminat ion of a l l  r e l e a s e  worldwide, however, would 
st i l l  leave the world w i t h  important s t r a t o s p h e r i c  ozone reduct ions during t h e  
next decade. Reduced u p p e r a i r  ozone would increase u l t r a v i o l e t  r a d i a t i o n  
reaching t h e  surface of the  earth. 
inventory of the  impacts of increased u l t r a v i o l e t  r a d i a t i o n  on f o r e s t s .  Studies  
Of m m e  than  100 a g r i c u l t u r a l  spec ies  shored t h a t  increased  u l t r w i o l e t  exposure 
reduces p lan t  dry w e i a t  and changes the proport ion of root ,  shoot and l e a f  

Current understanding does not allow an 
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tissw. Studies of more than 60 aquat ic  organisms showed t h a t  many were q u i t e  
s e n s i t i v e  to cur ren t  l e v e l s  of u l t r a v i o l e t  r a d i a t i o n  a t  the water surface (9) .  
~ 1 o r o f l u o r o c a r b o n s  can a l s o  cont r ibu te  t o  global warning i n  a manner 
s imi la r  to  carbon dioxide. 

R e c i o n a l s i r  p o l l u t a n t s  a r e  the most important concern of fores t  managers. 

n e  e f f e c t s  of l o c a l  a i r  contaminants on f o r e s t s  have s t a b i l i z e d  i n  t h e  
v i c i n i t y  of ex is t ing  point-sources of a i r  po l lu tan ts .  I n  nmerous cases  
hprovmmnts  have been achieved. In the case of sulfur dioxide, increas ing  
s t a c k  he ights  and use of scrubbers have reduced ground l w e l  Concentrations of 
s u l f u r  dioxide. New i n d u s t r i e s  and e l e c t r i c a l  p l a n t s  i n  the U.S. can anploy 
t h e  best ava i lab le  a i r  q u a l i t y  technology. 

On the  global-scale, the des t ruc t ion  of =one by halocarbons was addressed 
i n  the U.S. by banning chlorofluorocarbons i n  aerosol products. Zhe r e l e a s e  of 
carbon dioxide t o  the  aimos&ere from f o s s i l  fuel combustion w i l l  continua wel l  
i n t o  or through the t w e n t p f i r s t  century. Energy requirements of nat ions of the 
temperate zone w i l l  r equi re  combustion of gas, o i l  and coal and t h e  aimospheric 
burden of carbon dioxide w i l l  continue t o  increase  w i t h  uncer ta in  consequences. 

Regional-scale a i r  po l lu tan ts .  on t h e  other  hand, exhib i t  both increas ing  
t rends  and known and probable e f f e c t s  on f o r e s t  ecosystems over l a r g e  port ions 
of the tanperate  region. Ihe  i n t e g r a t i o n  of s t r e s s e s  imposed by regional 
po l lu tan ts  has  the poten t ia l  to  csuse growth reduct ions i n  s m e  f o r e s t  spec ies  
and, ultimately. diebacUdecl ine symptoms i n  suscept ib le  t r e e  species  a t  ambient 
leve ls .  A t  the ecosystem l e v e l  t h i s  has  or w i l l  cause changes i n  spec ies  
composition and increases  o r  decreases  i n  biomass production depending on t h e  
s p e c i f i c  ecosystem (Fig.  1). Docmuentations of decreased t ree  growth and 
increased decline symptoms due t o  a i r  q u a l i t y  i n  t h e  f i e l d  a r e  very l imi ted  
because the changes a r e  subt le ,  not continuous but patchwork i n  character ,  and 
extranely d i f f i c u l t  t o  separate  from other  f a c t o r s  t h a t  w n t r o l  t r e e  g r o w t h  (eg. 
age, competition, moisture, temperature. n u t r i e n t s ,  insec ts ,  pathogens) and tha t  
induce diebacUdecl ine symptoms (eg. drought, other c l imat ic  s t resses .  insects .  
pathogens). In addi t ion,  species  composition and pa t te rns  of f o r e s t  succession 
a r e  regulated by numerous determinants (eg. vegetat ive s i t e  a l t e r a t i o n s ,  p lan t  
species  in te rac t ions ,  insect lpsthogen a c t i v i t i e s ,  windstonns, f i r e s  and hmuan 
cu l tura l  a c t i v i t i e s )  and f o r e s t  ecosystem production i s  i n f l w n c e d  by several  
var iab les  (system age. competition. species  camposition, moisture, temperature, 
nu t r ien ts ,  insects ,  pathogens). A review of the current  evidence a v a i l a b l e  t o  
support the importance of a i r  p o l l u t i o n  induced f o r e s t  change has been provided 
by Smith (19) .  m e  comprehensive study of oxidant p o l l u t i o n  i n  por t ions  of the 
San Bernardino National Forest ,  Cal i forn ia  demonstrated a i r  po l lu t ion  e f f e c t s  on 
f o r e s t  growth and succession (11) .  Additional evidence of reduced f o r e s t  growth 
imposed by oxidant p o l l u t i o n  i n  the west. mid-west and e a s t  has been provided 
(23) .  For var ious f o r e s t  ecosytems we a r e  a t ,  or near, t h e  threshold of t r a m  
metal impact on n u t r i e n t  cycl ing processes. Lead w i l l  continue t o  accmuulate i n  
f o r e s t  f l o o r s  a s  long a s  i t  i s  re leased  i n t o  the  atmosphere (U.S.E.P.A. 1983) .  
Although adverse e f f e c t s  on f o r e s t  ecosystems from a c i d  deposi t ion have not  been 
conclusively proven by e x i s t i n g  evidence, we cannot conclude t h a t  adverse 
e f f e c t s  s r e  not occurring. R e s e n t l y ,  t r e e  mor ta l i ty  and t r e e  morbidity and 
growth r a t e  reduct ions i n  European and N o r t h  h e r i c a n  regions do occur where 
regional  a i r  po l lu t ion ,  including a c i d  deposi t ion,  i s  general ly  high. Temporal 
and s p a t i a l  c o r r e l a t i o n s  between wet a c i d i c  deposi t ion and f o r e s t  t r e e  growth 
r a t e s  has been provided. Numerous hypotheses f o r  adverse f o r e s t  e f f e c t s  from 
acid deposition, worthy of tes t ing ,  have been proposed (7, 21). Under natural  
conditions, f o r e s t  ecosystems s r e  exposed t o  mul t ip le  a i r  po l lu tan ts  
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s i m d  tansously or  sequent ia l ly  and i n t e r a c t i v e  and accumulative inf luences  a r e  
important. 
po l lu tan t  on f o r e s t s  i n  i so la t ion .  I h e  g r w t h  reduct ions and decl ine symptms 
of the f o r e s t s  of the Federal Republic of Germally are dramatic and should warn 
a l l  na t ions  t h a t  the r e s i l i e n c y  of f o r e s t  ecosystams h a s  l imi ta t ions .  Until the  
cause of t h i s  d e c l i n e  i s  more c lear ly  understood, prudent natural  resource 
science should n o t  r e j e c t  nor ind ic t  any s ingle  s t r e s s .  

It i s  inappropr ia te  t o  consider the  e f f e c t s  of any regional  

Conclusion 

A s e n s i t i v e  and convenient f o r e s t  parameter must be found t o  monitor the 
e x t e n t  and i n t e n s i t y  of s t r e s s  on expansive f o r e s t  systems. Waring (27)  
suggested t h a t  monitoring canopy leaf area and i t s  dura t ion  of display is a very 
appropriate  general  index of f o r e s t  ecosystem s t ress .  Canopy q u a n t i t y  and 
q u a l i t y  i s  an i n d i c a t o r  of product ivi ty .  Inventory techniques f r m  t h e  a i r  
(mult ispectral  scanning, microwave transmission, radar. l a s e r )  and ground 
( c o r r e l a t i o n s  w i t h  stem diameter. saprood c r o s e s e c t i o n a l  area) f o r  canopg leaf 
area a r e  avai lable .  A t  a given s i t e ,  de tec t ion  of a n  increase  i n  l e a f  a rea  
would suggest a n  improving envi roment ,  a decrease i n  l e a f  area would i n f e r  the 
system i s  under s t ress .  Baes and McLaughlin (1)  have proposed t h a t  t r a c e  
metal analyses of t r e e  r ings  can provide information on  temporal changes i n  a i r  
po l lu tan t  depos i t ion  and t ree  heal th .  

Implimentation of vide-area f o r e s t  monitoring of any nature  involves  two 
challenges. F i r s t .  de tec t ion  of s t r e s s  does not suggest cause. We a r e  keenly 
aware t h a t  t r e e  and f o r e s t  hoa l th  a re  cont ro l led  by many fac tors  in a d d i t i o n  t o  
a i r  q u a l i t p a g e ,  canpet i t ion.  environment (moisture, temperature. n u t r i t i o n ) .  
insec t  and pathogen a c t i v i t y .  We desperately need procedures t o  p a r t i t i o n  the  
r e l a t i v e  importance of inf luencing v a r i a b l e s  f o r  a given s i te .  Fortunately r e  
a r e  making research  progress  toward t h i s  r e s o l u t i o n  ( 4 ,  1 0 ,  2 7 ) .  The second 
challenge is to convince f o r e s t e r s  t h a t  the time and cos t  of systematic  f o r e s t  
hea l th  monitoring i s  j u s t i f i e d .  I f e e l  it i s  not  only j u s t i f i e d ,  but e s s e n t i a l  
f o r  i n t e l l i g e n t  dec is ions  regarding regula t ion  of regional  a i r  po l lu tan ts .  

Air  p o l l u t i o n  has  been k i l l i n g  t r e e s  l o c a l l y  for centur ies .  We have been 
keenly aware of t h i s  i n  the  United S t a t e s  f o r  over 100 years .  We n a  r e a l i z e  
t h a t  i n  a d d i t i o n  t o  mortal i ty ,  regional a i r  p o l l u t a n t s  may be capable of causing 
a l t e r a t i o n s  i n  spec ies  canposi t ion and growth-rate reduct ions i n  c e r t a i n  f o r e s t  
ecosystems over l a r g e  a r e a s  and across  nat ional  boundaries. 

Forests  a r e  v a r i a b l e  i n  species, topography, e levat ion.  s o i l s  and 
management. Air  p o l l u t i o n  deposi t ion and inf luences  a r e  a l s o  v a r i a b l e  and 
poorly Qcmented  i n  the  f i e l d .  Monitoring of species  dynamics and 
product ivi ty ,  necessary t o  detect  e f f e c t s  of regional a i r  po l lu tan ts ,  or any 
Other e n v i r o m e n t a l  s t r e s s ,  a re  present ly  r a r e l y  avai lable .  Dendrochronological 
O r  Other t ree-r ing ana ly t ica l  techniques a r e  subject  t o  enormous d i f f i c u l t y  when 
they at tempt  t o  p a r t i t i o n  the r e l a t i v e  importance of f o r c e s  t h a t  may i n f l w n c e  
t r e e  growth. Growth i s  regula ted  by prec ip i ta t ion ,  temperature, length of 
g r a i n g  season. f r o s t ,  drought, by developmental processes such a s  succession 
and competition, and t o  s tochas t ic  events  such as insec t  outbreaks, disease 
epidemics. f i r e .  windstorms and anthropogenic a c t i v i t i e s  such a s  thinning, 
f e r t i l i z a t i o n ,  h a m e s t i n g  and f i n a l l y  a i r  qual i ty .  

For a long time, dieback and decl ine of s p e c i f i c  f o r e s t  species ,  sanewhere 
&e. climate, or b i o t i c  s t r e s s  f a c t o r s  i n  the temperate zone, has been common. 

have f r e q w n t l y  been judged to be the pr inc ipa l  causes f o r  declines. 
h m w e r ,  i t  i s  d i f f i c u l t  t o  ass ign  r e s p o n s i b i l i t y  for  spec i f ic  cause and e f f e c t .  

Again. 

\ 
1 
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Trees a r e  la rge  and long-lived and t h e i r  hea l th  i n t e g r a t e s  a l l  the  s t r e s s e s  t o  
which they are  exposed oyer time. 

Ihe r i s k s  assoc ia ted  wi th  regional  and global a i r  p o l l u t i o n  s t r e s s  and 
f o r e s t  ecosystem h e a l t h  a r e  high. I h e  evidence ava i lab le  to  descr ibe the t o t a l  
boundaries of the problem f o r  a l l  p o l l u t a n t s  i s  incomplete. I h e r e  i s  enormous 
uncertainty about s p e c i f i c  e f f e c t s  on f o r e s t s  of regional  and global a i r  
pol lutants .  We do how, however, t h a t  coal combustion w i l l  provide more than 50 
percent  of h e r i c a ' s  e l e c t r i c i t y  by 1990. We f u r t h e r  knw t h a t  without  
management or control. coal combustion i s  a source of nmerous regional  and 
global po l lu tan ts  i d e n t i f i e d  a s  important, or p o t e n t i a l l y  important. t o  the 
hea l th  of f o r e s t  ecosystems. Natural ecosystem heal th ,  along wi th  human heal th ,  
must be recognized in assessments, economic and otherwise. of p o l l u t i o n  
abatement s t ra teg ies .  
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ELE(TRON-MICROSCOPICAL IDENTIFICATION OF COAL FLY ASH AT A REMOTE SITE IN TBE 
NORTEEASTERN UNITED STATES 

Liaquat Husain. James S. Webber, Vincent A. Dutkiewicz, and Edmondo Canelli 

Wadsworth Center for Laboratories and Research, New York State Department of Health, 
Albany, New York 12201 

ABSTRACT 

high sulfate concentration at Whiteface Monntain, NY (26-30 July 1983) were 
characterized by scanning, transmission and high-voltage electron microscopy. 
Consistent with findings from an earlier episode, submicrometer spheres common in 
coal fly ash were abnndant during the high-sulfate period but were absent before or 
after the episode. Minerals identified in iron-rich spheres by electron diffraction 
were magnetite, maghemite, and hematite. Equally abundant at the same time were 
silicon spheres which were probably glass since they yielded no diffraction 
patterns. Also common in high-sulfate samples were submicrometer spheres composed 
of varying proportions of iron, silicon, alnminnm, potassinm. calcium and titanium. 
No evidence of particles from oil combustion was observed. Additional support for 
coal combustion as the source of the high-sulfate concentration was given by Mn/V 
ratios which were consistent with air from the coal-burning Midwest rather than the 
oil-burning East Coast. Prevailing meteorologic conditions also indicated air flow 
from the Midwest. Preliminary evaluation of a new chemical signature, VlNi ratio, is 
also presented. Although observed ratios were also consistent with coal rather than 
oil combustion, additional evaluation of this tracer is needed. 

INTRODUCTION 

SO, emissions, is largely responsible for the widespread acid-stressed 
conditions in the Northeast. Indeed, studies that related daily sulfate 
concentration ([SO:-]) with backward air trajectories at Whiteface Mountain, 
NY, have invariably found that the highest [SO:-] were associated with air 
masses passing through the Midwest (1,2,3). While trajectory-based studies 
themselves do not unequivocally prove this assumption, more recent investigations 
have shown with increasing clarity that coal-burning in the industrial Midwest is 
indeed the major sonrce of SO:- aerosols reaching the acid-stressed 
Adirondack region. Husain (4) used samples collected at 6-hour intervals 
from a network of sites to trace high-SO:- air masses from the Midwest across 
New York State. These air masses retained MnlV ratios characteristic of the Midwest 
( > >  1) even after traveling more than 500 km. Conversely, when trajectories passed 
through coastal regions, MnfV ratios were distinctly lower ( <  0.5). consistent with 
the region's dependence on oil. Although the MnfV ratio techniqne has some 
limitations ( 5 ) .  it can be a very useful indicator of air mass history, particularly 
when used in conjunction with other tracers. Most recently, electron microscopy 
(EM) was used to identify coal fly ash in a high-SO:- air mass at Whiteface 
Monntain (6). Both the meteorology and the MnfV ratios indicated a midwestern 
origin for this air mass. The combination of microparticle identification, 
meteorology and chemical tracers has.provided the clearest fingerprint to date of 
the sources of SO:- in northern New York. 

During the summer sampling campaign in 1983 a second high-SO:- episode 
was observed at Whiteface Mountain. EM analysis of samples collected during this 
episode are presented and discussed along with the measurement of selected trace 
metals in simultaneous high-volume samples. 

EXPEUIKEXTAL 

high-volume pumps on Whatman 41 filters at the summit of Whiteface Mountain (WPM). 
at Mayville (MAY) in the sonthwestern corner of New York. at Alexandria Bay (AXB) on 

Individual microparticles collected before, during and after an episode of 

It is widely assnmed that the industrial Midwest, because it has the highest 

During s m e r  1983 airborne particulate samples were collected with 
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t he  no r theas t e rn  shore of Lake Ontario,  and a t  West Eaverstraw (WW) i n  t he  lower 
Hudson River Va l l ey  (F igure  1). While the f i r s t  th ree  s i t e s  a r e  r n r a l ,  W i s  a 
suburban s i t e  l oca t ed  near  the met ropol i tan  New York C i ty  a rea .  This s i t e  was 
se l ec t ed  p r imar i ly  t o  cha rac t e r i ze  Eas t  Coast ae roso l s  because of i t s  proximity t o  
two oil-burning power p l a n t s .  Samples were co l l ec t ed  f o r  6-hour i n t e r v a l s  a t  WFM 
and MAY and f o r  12-hour i n t e r v a l s  a t  WHV and AXB. These were analyzed f o r  
SO:- by ion chromatography and f o r  A l ,  Mn, V, and N i  by atomic absorp t ion  
spectrophotometry a s  d e t a i l e d  elsewhere ( 4 ) .  Mic ropa r t i c l e s  were co l l ec t ed  
simultaneously wi th  the  high-volume samples a t  WFM on carbon-coated Nuolepore 
f i l t e r s  i n  an automatic dichotomous sampler ( 6 ) .  These f i l t e r s  with co l l ec t ed  
p a r t i c l e s  were t r anspor t ed  i n  a i r t i g h t  con ta ine r s  t o  the  l ab  where a t h i n  carbon 
f i lm  was vacuum evaporated over the  c o l l e c t i o n  sur face  t o  immobilize the p a r t i c l e s  
and t o  reduce excess  charge produced by the  e l ec t ron  beam. In add i t ion  t o  the EM 
analyses  performed on the e a r l i e r  samples (6). sec t ions  of f i l t e r  were shadowed with 
An-Pd a t  an angle of -30 degrees t o  allow 3-dimensional i n t e r p r e t a t i o n  of p a r t i c l e  
morphology by t ransmiss ion  EM ( 7 ) .  

During t h e  pe r iod  of i n t e r e s t  (26-30 J u l y  1983). a i r  flow across  New York 
S t a t e  was dominated by a slow-moving high-pressnre system from the  Great Lakes. 
Although a i r  t r a j e c t o r i e s  a re  not  ava i l ab le  a t  t h i s  time, t h i s  p a t t e r n  i n  the  pas t  
has  produced a i r  flow from the Midwest ac ross  t h e  s t a t e  and i s  gene ra l ly  assoc ia ted  
wi th  high-SO:- pe r iods  i n  ups t a t e  New York ( 8 ) .  
southern Pennsylvania e a r l y  on 21 J u l y  may produce a i r  flow from the  Midwest a t  MAY 
while AXE and WFM should be under the inf luence  of Canadian a i r .  By the  next day, 
the  high had moved of f  the coas t  of V i rg in i a ,  where it remained s t a t iona ry  for  two 
days (Figure I). A cold  f r o n t  w i th  a l a rge  mass of lead ing  showers was t r a i l i n g  the 
high. (The leading  edge of the showers can be seen i n  the upper l e f t  hand corner of 
Figure 1.) During 28 J u l y ,  p r e c i p i t a t i o n  began i n  the  western p a r t  of the s t a t e  and 
by the  next day, was widespread throughout the  ups t a t e  area.  

RESULTS 
Chemistry 

On 27 Ju ly  [SO:-] began t o  increase  throughout the  s t a t e ,  f i r s t  a t  MAY 
and 12 hours l a t e r  a t  AXB and WFM (Figure 2 ) .  Th i s  i s  cons i s t en t  wi th  the beginning 
of midwestern a i r  flow on the backs ide  (western edge) of the  high pressure  system. 
A t  AXB and WPM, maximum concent ra t ions ,  46 and 49 pglm’ r e spec t ive ly ,  were observed 
i n  the  a f te rnoon of 28 J u l y  but decreased d rama t i ca l ly  on 29 J u l y  when p rec ip i t a t ion  
was widespread thronghoot the  s t a t e .  The onse t  of p r e c i t i t a t i o n  is  a l so  ind ica ted  by 
the  t r ace  metal da t a .  A1 concent ra t ions  a t  WPM, f o r  example, were -340 nglm’ 
during the  peak [SO:-] per iod  but  decreased ab rup t ly  t o  90 nglm’ f o r  the  
f i r s t  sample on 29 Ju ly .  Such an abrupt decrease  is cons i s t en t  with the  washout of 
aerosols .  A t  MAY [SO:-] l eve led  off a t  -25 pglm3 f o r  30 hours beginning 
wi th  the f i r s t  sample on 28 Ju ly .  Eowever. the  lead ing  edge of showers shown i n  
Figure 1. which began a f f ec t ing  the  wes tern  p a r t  of the  s t a t e  on the  28th. may have 
s i g n i f i c a n t l y  a f f e c t e d  the [SO:-]. The v a r i a t i o n s  i n  t r ace  metal 
concent ra t ions  a r e  cons i s t en t  w i th  t h i s  assumption. [SO:-] a t  W a l s o  
peaked i n  t h e  l a s t  sample on 28 Ju ly ,  bu t  t he  concent ra t ion  was much lower, 15 
Cg/m’. 
wel l  have been inf luenced  by a i r  from a d i f f e r e n t  area than the nps t a t e  s i t e s .  This 
has  been the  case in episodes  prev ious ly  s tud ied  ( 4 ) .  

shorn in  Figure 2. Throughout t he  episode, MnlV r a t i o s  a t  the  th ree  ups t a t e  s i t e s  
were cons i s t en t ly  >2. 
ranged from 3.3 t o  21 and averaged 11. 
MnfV r a t i o s  averaged 6 which is wi th in  the range of va lues  observed a t  MAY although 
only about ha l f  the mean. Larger r a t i o s  a t  MAY compared t o  WFM a re ,  however, 
cons i s t en t  wi th  prev ious  da t a  (4 .6) .  A t  bo th  s i t e s  the MnIV r a t i o s  a re  c l ea r ly  
wi th in  the range f o r  midwestern a i r  and much too high t o  suggest any s ign i f i can t  
in f luence  from heavy oil-burning a reas .  A t  AXB, MnlV r a t i o s  were only s l i g h t l y  >2. 
muoh lower than a t  WFM. 

This h igh  centered  over 

Because t h i s  s i t e  was much c l o s e r  t o  the  center  of the  high, it may very 

The ranges of MnlV r a t i o s  ( c r u s t a l  co r rec t ed  a s  described e a r l i e r  ( 4 ) )  a re  

While [SO:-] was > 20 pglm’ a t  MAY, MnlV r a t i o s  
A t  WFX dur ing  the  peak [SO:-] per iod ,  

While [SO:-] were comparable a t  the  two s i t e s .  AXE 
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had much higher V concent ra t ions .  
range of coal-burning reg ions ,  the  f a c t  t h a t  the r a t i o s  were much lower than  a t  WFM 
sugges ts  a l a r g e r  in f luence  from oil-combustion a t  AXE. However, s ince  the h ighes t  
V concent ra t ion  was only 6.7 nglm’ and MnlV r a t i o s  do remain >2, t h e  
high-[SO:-l period s t i l l  seemed t o  be dominated by coal-combustion aerosols .  

oil-burning power p l a n t s  precludes the usefu lness  of MnIV r a t i o s  a s  t r a c e r s  a t  th is  
s i t e  ( 5 ) .  As in previous s t u d i e s  (4.6).  MnlV r a t i o s  a t  W€W were almost i n v a r i a b l y  
( 0 . 5  ss expected. On 28 J u l y  t h e  Mn/V r a t i o  increased t o  0.53. Since it i s  
genera l ly  around 0.2, t h i s  i n d i c a t e s  t h a t  a component from some coal-combustion 
source may be present .  

To re inforce  the MnlV r a t i o  da ta  we a l s o  considered V I N i  r a t i o s  i n  t h e s e  
samples. V l N i  r a t i o s  a r e  d i f f e r e n t  i n  coa l  and o i l  f l y  ash. [VI i s  markedly 
enriched i n  o i l  f l y  ash while [ N i l  i s  a l s o  enriched, no t  t o  the ex ten t  of V ( 9 ) .  I n  
c o n t r a s t ,  [ N i l  i s  increas ingly  enriched wi th  decreasing p a r t i c l e  s i z e  i n  c o a l  f l y  
ash  whereas [VI is not (10.11). Henry and Knapp (12) analyzed 6 o i l  f l y  ash samples 
and 6 coal  f l y  ash samples and found average V l N i  r a t i o s  t o  be 5.2 and 1.2 
respec t ive ly .  Analysis of the d a t a  of Davison (11) r e v e a l s  t h a t  V l N i  i s  
very  low ( (0 .5)  i n  coal f l y  ash which i s  l e s s  than  2 pm. This i s  the p a r t i c l e  s i z e  
range expected t o  be t ranspor ted  long d is tances .  

V I N i  r a t i o s  a r e  shown in Figure 2. A t  WHV on 26-27 J u l y ,  the  V l N i  r a t i o  
averaged 3.0. This s i t e  i s  s t rongly  influenced by o i l  emissions ( [ V I  averaged 30 
nglm’) and the V l N i  r a t i o  i s  approaching t h a t  measured i n  o i l  f l y  ash. 
[SO:-] episode, however, the  r a t i o  averaged 1.6 and re turned  t o  near 3 on t h e  
30th. The decreased V l N i  r a t i o s  a r e  c o n s i s t e n t  wi th  increased  inf luence  from 
coal-burning regions during the  high-SO:- period. A t  WFM, episodic  r a t i o s  
averaged 1.2 and nonepisodic r a t i o s  averaged 1.3, near t h a t  f o r  coa l ,  aga in  
i n d i c a t i n g  t h a t  oil-combustion a e r o s o l s  were not dominant a t  these times. V l N i  
r a t i o s  a t  MAY and AXB were s i m i l a r  t o  WBV with  nonepisodic r a t i o s  averaging 2.1 and 
and 2.4 respec t ive ly  and ep isodic  r a t i o s  averaging 1.4 and 2.0. A t  none of the 
s i t e s  was the ep isodic  V l N i  r a t i o  l a r g e  enough t o  be a s s o c i a t e d  wi th  pure ly  
o i l - f i r e d  combustion products and, except a t  WFM where the  r a t i o  was a l r e a d y  near 
t h a t  of coa l ,  the  V I N i  r a t i o  decreased during the high-SO:- episode, a s  
expected f o r  increased c o n t r i b u t i o n s  from coal-burning a r e a s .  Cons is ten t  w i t h  MnlV 
r a t i o s ,  V l N i  r a t i o s  were h igher  a t  AXB than WFM during t h e  episode suppor t ing  t h e  
e a r l i e r  conclusion t h a t  AXB has an oil-derived aerosol  component. AXB i s  on the S t .  
Lawrence Seaway, approximately 100 ka NE of a l a r g e  oil-burning power p l a n t  on the  
southeas t  shore of Lake Ontario.  While f u r t h e r  study i s  needed, t h i s  d a t a  sugges ts  
t h a t  V l N i  r a t i o s  may provide another u s e f u l  ind ica tor  of c o a l  and o i l  combustion 
emissions.  

Although the  M n l V  r a t i o s  a t  AXB were w i t h i n  t h e  

While UnlV r a t i o s  a t  WIiV have been included f o r  completeness, i t s  proximity t o  

During the  

I ,  227 
I 
t 



c l u s t e r s  which had r e t a i n e d  t h e i r  s o l i d  morphology r a t h e r  than being f l a t t e n e d  by 
high-velocity impaction. Perek &-& a l s o  found t h a t  H,SO, impacted 
on S i 0  f i lms  formed a l a r g e  c e n t r a l  d rop  wi th  mul t ip le  s a t e l l i t e  d rop le t s .  This 
phenomenon had been repor ted  e a r l i e r  by Frank and Lodge (13).  who concluded tha t  
t h i s  was caused by dehydra t ion  of the  H,SO, on the hydrophobic S i0  r a t h e r  
than  by impaction fo rces .  
seen by us might be t h a t  the  carbon f i l m  used f o r  c o l l e c t i o n  was l e a s  hydrophobic 
than  S i0  and thus  s a t e l l i t e  formation was not favored during dess i ca t ion .  
Furthermore, our  samples were given a second carbon coa t  soon a f t e r  c o l l e c t i o n  and 
t h i s  probably slowed d e s s i c a t i o n  and c e r t a i n l y  prevented changes in  morphology 
during any subsequent des s i ca t ion lox ida t ion .  Beuce the domelike spheres were 
probably H,SO,. 
these  domes during electron-beam hea t ing .  This bubbling w s s  not evident i n  the  
c l u s t e r s  thought t o  be (NB,),SO,. The S p a r t i c l e s  co l l ec t ed  during 
the  peak [SO:-] ranged from c l u s t e r s  t o  domes, wi th  small domes o f t en  
concentrated around the  0.4 p a  pores (Figure 3b) .  This c o l l e c t i o n  p a t t e r n  i s  not 
unusual f o r  smal le r  p a r t i c l e s  which have i n s u f f i c i e n t  i n e r t i a  t o  be impacted 
uniformly on the  f i l t e r  face  but  have too much i n e r t i a  t o  pass over the l i p  of the 
pore ( 1 4 ) .  
t h e i r  conten ts  d id  bubble i n  the  e l ec t ron  beam. The c o l l e c t i o n  of the  smal le r  
H,SO, near the  pores  during peak [SO:-] a s  compared to  the  
c o l l e c t i o n  of t he  l a r g e r  H,SO, between the  pores i n  the  e a r l i e r  and l a t e r  
samples may i n d i c a t e  a l e s s  aged SO:- component i n  the aerosol  dur ing  the  
peak period (15) .  

Spheres similar t o  those seen i n  the  episode one month e a r l i e r  and iden t i f i ed  
a s  coal f l y  ash  (6)  were l e s s  numerous than the  SO:- p a r t i c l e s .  
number of spheres i s  l a r g e r  than  shown i n  Figure 4 because spheres i n  c l u s t e r s  were 
often too small or t o o  agglomerated t o  allow indiv idua l  enumeration. The abundance 
of these apherea va r i ed  dramat ica l ly ,  ranging over more than two orders  of 
magnitude. Spheres were almost absent before the episode but  were abundant during 
the  high-SO:- per iod .  
[SO:-] and fly-ash p a r t i c l e s  was not expected because of opposing fo rces  
during t r anspor t :  f l y  a sh  spheres could only decrease  during t r anspor t  because of 
sedimentation whereas [SO:-] could increase  because of SO, oxida t ion .  

source in t ha t  supramicrometer spheres would have s e t t l e d  out during extended 
t r anspor t .  The i r  s p h e r i c a l  morphology po in t s  t o  combustion evolu t ion ,  e.g. ,  cooled 
s i l i c a t e  and metal  d r o p l e t s .  

a f t e r  Lauf (16 ) )  gene ra l ly  followed [SO:-] but  peaked 12  hours e a r l i e r .  
Whereas magnetite (Pe,O,) was the  most common fer rosphere  mineral  i n  the 
episode s tudied  e a r l i e r ,  maghemite (y-Fe,O,) was t he  most abundant 
mineral  i n  f e r rosphe res  i n  t h i s  episode (F igure  5a.b).  Magnetite ( o r  Pe-rich 
sp ine l s )  and hemat i te  (a-Pe,O,) were a l s o  present .  
been commonly r epor t ed  in coal f l y  ash  s t u d i e s  (17.18.19). The x-ray spec t ra  of 
t hese  spheres occas iona l ly  revealed t r a c e s  of Mu, Zn, S i ,  K, Ca, C r  or Se. The 
first-row t r a n s i t i o n  me ta l s  a r e  poss ib ly  isomorphic s u b s t i t u t i o n s  i n  the sp ine l  
s t r u c t u r e  (19) whereas Se may be a surface-enriched v o l a t i l e  a s  repor ted  by o the r s  

One reaaou t h a t  cap-like spheres wi th  s a t e l l i t e s  were not 

Th i s  hypothes is  is  r e in fo rced  by the  bubbling aeeu wi th in  

These small  domes a re  morphologically s i m i l a r  t o  the  H,SO, and 

The t o t a l  

A s t r i c t l y  q u a n t i t a t i v e  r e l a t i o n s h i p  between 

A l l  spheres and sphere c l u s t e r s  were (1 pa.  This  would suggest a d i s t a n t  

The abundance of spherea composed pr imar i ly  of Pe (and c a l l e d  fe r rospheres  

These minera ls  have 

(11 ) .  

t h e i r  numbers c o r r e l a t e d  wi th  [SO:-]. 
spheres o f t en  y i e lded  smal le r  I. ray  peaks of Pe, K, Ti,  A l ,  Mu, Zn, Cd or  Se. Like 
the  Si spheres c o l l e c t e d  one month e a r l i e r ,  these  d i d  not y i e l d  d i f f r a c t i o n  
pa t t e rns .  again making them l i k e l y  candida tes  f o r  t he  g l a s s  spheres found i n  coal 
f l y  ash (16,191. 

of a mixture of Al, Si, Pe and/or Ti.  One sphere (F igure  5c) wan i d e n t i f i e d  by i t s  
EDXRS and ED a s  m u l l i t e  (3(A1,0 ) . Z S i O , ) ,  a high-temperature mineral  
found i n  coal f l y  a s h  (16.17.191. 

Spheres composed p r imar i ly  of S i  were a s  abundant a s  the  f e r rosphe res  and 
I n  add i t ion  t o  the  S i  x-rays, these  

Spheres which d i d  not f i t  nea t ly  i n t o  the  Pe o r  S i  group usua l ly  were composed 

Pe has been previous ly  i d e n t i f i e d  i n  m u l l i t e  coal 
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f l y  ash (19) .  The mixed-element sphere i n  Figure 5 d  i s  the  l a r g e s t  sphere c o l l e c t e d  
and i d e n t i f i e d  a t  WFM. 

The above spheres s r e  typ ica l  of coal f l y  ash but  have not been charac te r ized  
i n  o i l  f l y  ash.  O i l  f l y  ash i s  genera l ly  p l a t y  or  honeycombed carbon which i s  
enriched i n  V snd N i  (9.12.20). A few p a r t i c l e s  co l l ec t ed  before,  dur ing  and a f t e r  
the  episode y ie lded  very  small V x-ray peaks but these  peaks were not assoc ia ted  
wi th  a s p e c i f i c  p a r t i c l e  type or  elemental combination. Eence mic ropa r t i c l e  
ana lys i s  provides no evidence of an increase  of o i l  f l y  ash during the  e leva ted  
[SO:-] period. 

quar tz ,  K f e ldspa r s  and p l ag ioc la se  (Figure 4 ) .  These ranged i n  s i z e  from s l i g h t l y  
l e s s  than 1 pm t o  3 pm. Abundance va r i ed  only a l i t t l e  more than an order  of 
magnitude. These were most l i k e l y  loca l  c r u s t a l  fragments s ince  the  th ree  
i d e n t i f i e d  mineral  groups a re  the  most common minera ls  i n  the  Adirondack reg ion  
(21) .  

samples. These Pb x-ray peaks were always a s soc ia t ed  wi th  l a rge r  S peaks and 
PbSO, was the most commonly i d e n t i f i e d  mineral .  B r  x rays  were not seen wi th  
any of these  Pb p a r t i c l e s  but the  more v o l a t i l e  B r  may have been l o s t  by aging o r  by 
the  heat of the e l ec t ron  beam. These p a r t i c l e s  were seen only when [F’bl exceeded 30 
nglm’ and the  concent ra t ion  of Ph p a r t i c l e s  co r re l a t ed  c lose ly  wi th  IPbl. 

CONCLUSION 

from the i n d u s t r i a l  Midwest r a the r  than emissions i n  the Northeast  were the major 
source of a high-SO:- episode i n  the ac id-sens i t ive  reg ions  of New York 
S ta t e .  The movement of the high-pressure system during t h i s  episode was i d e n t i c a l  
t o  previous meteorological condi t ions  when t r a j e c t o r y  ana lyses  revealed flow of a i r  
masses from the Midwest across  the  s t a t e .  MnIV r a t i o s  were d i s t i n c t l y  midwestern 
during t h i s  episode. V I N i  r a t i o s  re inforced  the  i n t e r p r e t a t i o n  of MnIV r a t i o s  and 
hold promise a s  another reg iona l  s igna ture .  The mineralogy, morphology and 
elemental  composition of spheres co l l ec t ed  during the  episode were typ ica l  of coa l  
f l y  ash but not of o i l  f l y  ash. The submicrometer s i z e  range of these  spheres 
pointed t o  a d i s t a n t  source.  While t h i s  coal f l y  ash was v i r t u a l l y  absent be fo re  
the  episode, i t  became abundant when [SO:-] increased. 
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Figure 1. Simplified sur face  meteorlogic condi t ions  i n  the  nor theas te rn  United 
S t a t e s  a t  0730 EST on 28 J u l y  1983. 
Bay (AXB). Whiteface Mountain (WFM) and West Havetstraw (WBV). 

Sampling s i t e s  a re  Mayville (MAY), Alexandria 

WHV 

20[L, 0 0 
0 

L I " 1  I I ( 1  1 1 1 1  I , ,  r , , , 1  
2 6  27 28 29 30 

JULY 1983 
Figure 2 .  Sulfa te  concent ra t ions  ( s o l i d  b a r s ) ,  V l N i  r a t i o s  (dashed b a r s )  and MnlV 
r a t i o s  a t  four s i t e s  i n  New York S t a t e .  Metal r a t i o s  omitted f o r  samples wi th  one 
or both metals below d e t e c t i o n  l i m i t  or with  excessive c r u s t a l  c o r r e c t i o n .  
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f i l t e r s  at WFM and shadowed with Au/Pd. ( a )  
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i c l e s  which are probably E,SO,. 
(b)  28 July IV 1983. N denotes c l u s t e r  which Figure 4 .  Su l fa te  and microparticle  
is  probably (NE, 1 ,So,. concenttrt ions a t  WFM during se l ec ted  

periods from 21-29 J u l y  1983. 
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collected at WFM in 1983. Scale bar equals 0.5 p. (a) y-Peso, sphere 
collected 28 July 11. (b) y-Fe,O, sphere cluster collected 28 July IV. (c) 
Mnllite sphere collected 28 July IV. (d). Mixed-element sphere collected 28 July 111. 

High-voltage electron micrographs and x-ray spectra of microparticles 
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USE OF CASCADE IMPACTORS IN THE CHEMICAL AND PHYSICAL 
CHARACTERIZATION OF COAL-COMBUSTION AEROSOL PARTICLES 

John M .  Ondov 

Martin Marietta Environmental Systems 
9200 Rumsey Road 

Columbia, Maryland 21045 

ABSTRACT 

Aerosol particles from combustion of pulverized coal are typically 
distributed bimodally with respect to size, and contain particles ranging 
from about 0.01 um to over 100 urn in diameter. Development of con- 
trol technology, emissions testing, and prediction of health and environ- 
mental effects often require characterization of the size distributions 
of aerosol particulate mass o r  the various chemical components. Cascade 
impaction provides a relatively simple and fundamental measurement of 
the mass-vs-size distribution and can yield size-segregated material in 
quantities adequate for determining the distributions of chemical, physi- 
cal, or biologically active constituents. This paper briefly reviews 
impactor theory, considers the merits and shortcomings of four cascade 
impactors, and reviews the principal problems involved in using cas- 
cade impactors to measure properties of coal combustion aerosols. These 
problems include errors in measuring narrow distributions, effects of 
particle bounce and reentrainment, diffusive deposition of fine particles, 
and deposition of condensible/adsorbable gases. Ambiguities in data 
reduction will also be discussed. 

INTRODUCTION 

Cascade impactors have been used extensively to provide size-segre- 
gated particulate samples for characterizing the distributions of mass 
and chemical constituents in both ambient and source aerosols. In prin- 
cipal, conventional inertial impactors can provide accurate data on 
particle distributions in the range of 0.2 to 50 Pin (1,2). The lower 
size limit has been reduced to 0.05 wn with low-pressure impactors 
(3.4,5) and, more recently, to 0.026 um with a microorifice impactor 
(6,7,8). Large errors in estimates of the distribution parameters can 
result. however, in cases where the size distribution is narrow (such as 
that for aerosols modified by highly efficient particulate-control 
devices). from the effects of particle bounce and reentrainment, and 
from the deposition of particles and gases from boundary streams onto 
impaction substrates. These problems are especially important in samp- 
ling the bimodal aerosols produced in the combustion of pulverized coal, 
which contain condensible gases, enormous concentrations of submicrometer 
particles, and predominantly dry, glassy aluminosilicate spheres that 
tend to stick poorly to impaction substrates. Because of particle bounce, 
contamination of .submicrometer-particle fractions with larger particles 
iS an especially important problem in sampling both source and ambient 
aerosols. These problems are reviewed below. 
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The P r i n c i p l e  o f  I n e r t i a l  I m p a c t i o n  

The  u n d e r l y i n g  p r i n c i p l e  of i n e r t i a l  i m p a c t i o n  is embodied i n  t h e  
c o n c e p t s  o f  r e l a x a t i o n  t i m e  and  s t o p p i n g  d i s t a n c e .  When t h e  v e l o c i t y  o f  
a p a r t i c l e - c o n t a i n i n g  g a s  is c h a n g e d ,  f o r  e x a m p l e ,  b y  a c c e l e r a t i n g  t h e  
g a s  t h r o u g h  a n o z z l e  or b y  c h a n g i n g  t h e  d i r e c t i o n  o f  i ts f l o w ,  t h e  s u s -  
pended p a r t i c l e ,  w i t h  i t s  g r e a t e r  i n e r t i a ,  l a g s  b e h i n d  t h e  g a s .  The 
t i m e  r e q u i r e d  f o r  e q u i l i b r i u m  t o  become r e e s t a b l i s h e d  is known a s  t h e  
r e l a x a t i o n  t i m e ,  and  t h e  d i s t a n c e  t h e  p a r t i c l e  t r a v e l s  w h i l e  e q u i l i b r a t -  
i n g  i s  known as  t h e  s t o p p i n g  d i s t a n c e .  I n  a n  i m p a c t o r ,  p l a c e m e n t  o f  a n  
o b s t r u c t i o n  ( i m p a c t i o n  p l a t e )  normal  t o  t h e  d i r e c t i o n  o f  f l o w  f o r c e s  t h e  
g a s  t o  change  d i r e c t i o n .  A p a r t i c l e  is d e p o s i t e d  ( i . e . ,  c o l l e c t e d )  on 
t h e  i m p a c t i o n  p l a t e  i f  t h e  s i z e  o f  t h e  p l a t e  is l a r g e  w i t h  r e s p e c t  t o  
t h e  s t o p p i n g  d i s t a n c e  o f  t h e  p a r t i c l e .  

The s t o p p i n g  d i s t a n c e  (S) o f  a n  a e r o s o l  p a r t i c l e  is a f u n c t i o n  of 
t h e  d i a m e t e r  ( D  1, v e l o c i t y  ( V p ) ,  a n d  d e n s i t y  ( p p )  o f  t h e  p a r t i c l e ,  
a n d  t h e  v i s c o s i t y  o f  t h e  g a s  ( p ) ,  as shown i n  E q u a t i o n  1 ( 9 ) :  

(1) 

where  C is t h e  Cunningham s l i p  c o r r e c t i o n  f a c t o r ,  which  a c c o u n t s  f o r  
d i s c o n t i n u i t y  i n  t h e  t r a n s f e r  of momentum t o  t h e  p a r t i c l e  ( a s  a r e s u l t  
o f  c o l l i s i o n s  w i t h  g a s  m o l e c u l e s  a t  t h e  p a r t i c l e  s u r f a c e )  t h a t  o c c u r s  
for p a r t i c l e s  o f  s i z e  n e a r  t h a t  o f  t h e  mean f r e e  p a t h  o f  t h e  g a s  mole- 
c u l e s  ( 9 ) .  

T y p i c a l  c a s c a d e  i m p a c t o r s  c o n s i s t  o f  a series of n o z z l e  p l a t e s ,  e a c h  
f o l l o w e d  b y  a n  i m p a c t i o n  p l a t e :  e a c h  set o f  n o z z l e  p l a t e  p l u s  i m p a c t i o n  
p l a t e  is te rmed a s t a g e .  The s i z i n g  c h a r a c t e r i s t i c s  o f  a n  i n e r t i a l  
i m p a c t o r  s t a g e  are d e t e r m i n e d  by t h e  e f f i c i e n c y  w i t h  which  t h e  s t a g e  
co l lec ts  p a r t i c l e s  o f  v a r i o u s  s i z e s .  C o l l e c t i o n  e f f i c i e n c y  is a f u n c t i o n  
o f  t h r e e  d i m e n s i o n l e s s  p a r a m e t e r s :  t h e  i n e r t i a l  p a r a m e t e r  ( S t o k e s  n u m b e r ) ,  
t h e  r a t i o  o f  t h e  j e t - t o - p l a t e  s p a c i n g  t o  t h e  j e t  w i d t h ,  and  t h e  j e t  
R e y n o l d s  number.  The most i m p o r t a n t  of  t h e s e  is t h e  i n e r t i a l  p a r a m e t e r ,  
w h i c h  is d e f i n e d  b y  E q u a t i o n  2 )  as t h e  r a t i o  of t h e  s t o p p i n g  d i s t a n c e  t o  
some c h a r a c t e r i s t i c  d i m e n s i o n  of t h e  i m p a c t i o n  s t a g e  ( l o ) ,  t y p i c a l l y  t h e  
r a d i u s  of t h e  n o z z l e  or j e t  ( D j )  . 

~ p V p C D p / l 8 ~  
S t o k e s  = 

D j / 2  

p a r t i c l e  c o l l e c t i o n  e f f i c i e n c y  is a m o n o t o n i c a l l y  i n c r e a s i n g  f u n c t i o n  o f  
t h e  i n e r t i a l  p a r a m e t e r  and  h a s  b e e n  d e t e r m i n e d  e x p e r i m e n t a l l y  ( 1 , 1 1 , 1 2 ) .  
C u s t o m a r i l y ,  t h i s  f u n c t i o n  is r e p r e s e n t e d  by a s i n g l e  v a l u e ,  t h a t  is ,  
t h e  v a l u e  o f  t h e  S t o k e s  number t h a t  c o r r e s p o n d s  t o  a c o l l e c t i o n  e f f i c i e n c y  
o f  5 0 % .  Thus b y  r e a r r a n g i n g  E q u a t i o n  2 1 ,  t h e  d i a m e t e r  o f  t h e  p a r t i c l e  
c o l l e c t e d  w i t h  50% e f f i c i e n c y  (D50)  i s  e x p r e s s e d  i n  t e r m s  o f  t h e  S t o k e s  
number fo r  50% c o l l e c t i o n  ( S t k 5 0 )  as f o l l o w s :  

( 3 )  

p a r t i c l e s  w i t h  l a r g e  enough s t o p p i n g  d i s t a n c e s  w i l l  b e  d e p o s i t e d  
o n  t h e  f i r s t  i m p a c t i o n  p l a t e :  t h o s e  w i t h  somewhat smal le r  s t o p p i n g  d i s -  
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t a n c e s  w i l l  b e  c a r r i e d  t o  t h e  n e x t  s t a g e ;  and  so o n .  By i n c r e a s i n g  t h e  
v e l o c i t y  of t h e  aerosol i n  s u c e s s i v e  s t a g e s ,  t h e  s t o p p i n g  d i s t a n c e  of 
t h e  p a r t i c l e  is l i k e w i s e  i n c r e a s e d ,  a n d  p r o g r e s s i v e l y  smaller  p a r t i c l e s  
a r e  c o l l e c t e d .  The j e t  v e l o c i t y  c a n  be i n c r e a s e d  e i t h e r  b y  r e d u c i n g  t h e  
number or s i z e  o f  t h e  j e t s  or by  i n c r e a s i n g  t h e  o v e r a l l  f l o w  r a t e  of 
t h e  a e r o s o l .  

Data R e d u c t i o n  

I n  t y p i c a l  aerosols ,  p a r t i c l e  s i z e  is d i s t r i b u t e d  l o g n o r m a l l y .  
The d i s t r i b u t i o n  p a r a m e t e r s  (med ian  a n d  t h e  g e o m e t r i c  s t a n d a r d  d e v i a t i o n )  
may be e s t i m a t e d  g r a p h i c a l l y  f rom c u m u l a t i v e  p l o t s  of mass v s  p a r t i c l e  
s i z e ,  or m a t h e m a t i c a l l y ,  by  f i t t i n g  t h e  d a t a  t o  a l o g n o r m a l  d i s t r i b u t i o n  
f u n c t i o n .  

G r a v i m e t r i c  or c h e m i c a l  a n a l y s i s  of t h e  i n d i v i d u a l  i m p a c t i o n  p l a t e s  
is used  t o  d e t e r m i n e  t h e  a e r o s o l  mass  o r  t h e  amoun t  o f  some c h e m i c a l  
c o n s t i t u e n t  a s s o c i a t e d  w i t h  t h e  r a n g e  o f  p a r t i c l e  s i z e s  c o l l e c t e d  on t h e  
p l a t e .  The s i z e  d i s t r i b u t i o n  o f  t h e  measu red  v a r i a b l e  c a n  t h e n  b e  deduced  
by  p l o t t i n g  t h e  d a t a  a g a i n s t  t h e  a p p r o p r i a t e  i m p a c t o r  s t a g e  p a r a m e t e r ,  
u s u a l l y  t h e  D50 a s  d e t e r m i n e d  by  E q u a t i o n  3 ) .  The D50, however ,  is 
a m e a s u r e  o f  t h e  d i a m e t e r  o f  a p a r t i c l e  c o l l e c t e d  w i t h  50% e f f i c i e n c y ,  
a n d  n o t  t h e  s i z e  of t h e  p a r t i c l e  c o l l e c t e d  on  t h e  i m p a c t o r  s t a g e .  The 
t r u e  d i s t r i b u t i o n  o f  p a r t i c l e s  a c t u a l l y  col lected o n  t h e  s t a g e  is a 
f u n c t i o n  of t h e  d i s t r i b u t i o n  o f  t h e  aerosol s a m p l e d  and t h e  e f f i c i e n c y -  
v s - s i z e  c u r v e s  f o r  t h e  i n d i v i d u a l  s t a g e s ;  o n l y  by  c h a n c e  would t h e  D50 
be e q u a l  t o  t h e  med ian  d i a m e t e r  o f  p a r t i c l e s  on  t h e  s t a g e .  The u s e  o f  
D 5 0 ~  i n  d e t e r m i n i n g  a c t u a l  d i s t r i b u t i o n s  t h e r e f o r e  c o n t a i n s  a n  i n t r i n s i c  
e r ror .  I f  e f f i c i e n c y  c u r v e s  are a v a i l a b l e ,  t h i s  i n t r i n s i c  error c a n  be 
r e d u c e d  by u s i n g  d a t a - i n v e r s i o n  t e c h n i q u e s  ( 1 3 , 1 4 ) .  T h e s e  t e c h n i q u e s  
d e t e r m i n e  t h e  d i s t r i b u t i o n  t h a t ,  a f t e r  m u l t i p l i c a t i o n  b y  t h e  a p p r o p r i a t e  
sets o f  c a l i b r a t i o n  c u r v e s ,  b e s t  r e p r o d u c e s  t h e  a m o u n t s  o f  p a r t i c u l a t e  
mass  c o l l e c t e d  o n  e a c h  i m p a c t o r  s t a g e .  

I n  g e n e r a l ,  i f  t h e  aerosol d i s t r i b u t i o n  is w i d e  enough  and  t h e  mass 
median d i a m e t e r  (MMD) is w i t h i n  t h e  r a n g e  o f  t h e  d e v i c e ,  D50s c a n  p r o v i d e  
r e a s o n a b l y  a c c u r a t e  e s t i m a t e s  o f  t h e  a e r o s o l - d i s t r i b u t i o n  p a r a m e t e r s .  
E f f i c i e n c y  c u r v e s  f o r  i m p a c t o r s  a r e  s i g m o i d a l ,  however ,  and  c o l l e c t i o n  
e f f i c i e n c y  f o r  p a r t i c l e s  o f  a l l  s i z e s  is n o n - z e r o .  T h u s ,  when t h e  s i z e  
d i s t r i b u t i o n  is n a r r o w ,  a s  i n  aerosols  m o d i f i e d  b y  p a r t i c u l a t e - c o n t r o l  
d e v i c e s ,  t h e  amount  o f  mass a t t r i b u t e d  t o  t h e  l a r g e r  p a r t i c l e s  may be 
i n c o r r e c t .  As a r u l e ,  t h e  s i z e  o f  t h e  l a r g e s t  p a r t i c l e  c o l l e c t e d  on t h e  
f i r s t  s t a g e  o f  t h e  i m p a c t o r  s h o u l d  b e  d e t e r m i n e d  b y  m i c r o s c o p y  o r  by 
i n f e r e n c e  f rom o t h e r  m e a s u r e m e n t s .  A d d i t i o n a l  s i z i n g  errors, r e s u l t i n g  
f rom n o n i d e a l  b e h a v i o r ,  are  d i s c u s s e d  be low.  

Non i d e a  1 B e h a v i o r  

T h e  p r i n c i p a l  p r o b l e m s  i n  d e t e r m i n i n g  s i z e  d i s t r i b u t i o n  p a r a m e t e r s  
w i t h  c a s c a d e  i m p a c t o r s  are w a l l  losses, i n e f f i c i e n t  c o l l e c t i o n  d u e  t o  
p a r t i c l e  b o u n c e ,  d e p o s i t i o n  o f  g a s - p h a s e  s p e c i e s  on i m p a c t i o n  s u b s t r a t e s ,  
a n d  d e p o s i t i o n  o f  f i n e  p a r t i c l e s  f r o m  b o u n d a r y  l a y e r s .  As d i s c u s s e d  
above .  a n  i n t r i n s i c  error c a n  r e s u l t  f rom u s i n g  D50s t o  i n f e r  s i z e  
d i s t r i b u t i o n s  f rom t h e  i m p a c t o r  d a t a .  Depend ing  on  t h e  s a m p l i n g  c o n d i t i o n s  
a n d  on t h e  c h e m i c a l  a n d  p h y s i c a l  p r o p e r t i e s  o f  t h e  a e r o s o l  s a m p l e d ,  e a c h  
o f  t h e  o t h e r  errors c a n  a l s o  be s i g n i f i c a n t ,  and  g e n e r a l l y  m u s t  be con-  
s i d e r e d  i n  s a m p l i n g  coal c o m b u s t i o n  a e r o s o l s .  
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-- Wall losses. Ideally, all of the aerosol sampled in an impactor 
should be deposited on the collection plates or be captured by the after- 
filter. In practice, some of the particles collect on other interior 
surfaces and are typically excluded from the analysis. Wall losses 
result from diffusion of particles in turbulent eddies, from sedimenta- 
tion of large particles (especially in large-particle stages with large 
internal volume and corresponding low gas velocities), from electrostatic 
effects, and from particle bounce. Wall losses appear to depend on size 
and hence on stage. Therefore, if they are significant, both the total 
mass concentration of the aerosol and its inferred size distribution 
will contain an error. Experience has shown that wall losses are greater 
for large, hard, dry particles, typically composed of aluminosilicate 
materials, than for small (submicrometer) carbonaceous or sulfate 
particles. 

Particle bounce. When particles bounce off the collection surface, 
they may be carried to subsequent stages, where they may stick or again 
bounce off. The result is that subsequent stages collect more mass than 
is appropriate, and the inferred particle-size distribution is biased 
towards the smaller particles. Apparently, because of increasing velocity, 
particles that bounce off an earlier stage of the impactor quite often 
continue to bounce off the subsequent stages and are finally collected 
on the afterfilter. As discussed below, such collection can severely limit 
the utility of afterfilter data. Typically, sticky substances are applied 
to impaction surfaces to reduce particle bounce. Compounds that can be 
“wicked“ by the collected particles tend to be the most effective. 

The significance of these and other real-world difficulties are 
discussed below for sampling coal combustion aerosols. 

Problems in Measuring Coal Combustion Aerosols 

In an earlier study (15) we addressed some of the problems in obtain- 
ing accurate concentration-vs-particle-size distributions for elements 
in stack aerosols collected downstream of an electrostatic precipitator 
and a Venturi wet scrubber at a coal-fired power plant. The problems 
investigated were error associated with the use of the D ~ o s ,  wall 
losses, and contamination of afterfilters by particle bounce. In a 
later study, we observed the artifactual deposition of gas-phase compo- 
nents during sampling (16). In both studies we used the University of 
Washington Mark I11 and Mark V Source Test Cascade Impactors (17). Our 
specific objectives were to verify the sizes of particles collected on 
impaction stages and afterfilters and to estimate impactor efficiency 
relative to collection on filters. The ultimate goal was to determine 
elemental emission rates as a function of particle size. 

The Mark 111 and Mark V impactors used in these studies are, respec- 
tively, 7- and 11-stage multicircular jet units with integral backup 
filters. These were operated isokinetically, in-stack, with Nuclepore” 
polycarbonate impaction substrates coated with vacuum grease. Elemental 
constituents of the particles collected were determined by neutron acti- 
vation analysis, and number-size distributions (for each stage) were 
determined by counting particles in discrete size ranges after sonic 
dispersion in hexane. Particle sizes were determined from scanning 
electron microscope (SEM) photographs or by use of a Quantimet image 
analyzer with an interface to the SEM. 
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In Figure 1 are plotted both the cumulative mass distributions of 
A1 in fly-ash particles as determined from stage D50s and the distribution 
parameters for each stage as determined from SEM analyses. The SEM 
number-distribution (nmd) parameters for each stage were transformed to 
the corresponding volume parameters and adjusted for the measured particle 
density ( 2 . 4 4  g/cm3) and slip correction factor to obtain estimates of 
the mass median aerodynamic diameters (mmad) for the stage. Neither the 
nmds nor the mmads determined from the microscopy analysis are directly 
comparable to the D50 stage parameters. Values corresponding to the 
D50s can, however, be interpolated from the cumulative curves (Fig. 1) 
and are listed in Table 1. Comparison of these data shows that use of 
the D50s supplied with the impactor (these are calculated values, and 
generally agree well with calibrations) results in serious overestimation 
of the amount of mass associated with large particles. As indicated in 
Fig. 1, aerosol MMAD was overestimated by a factor of two when the D50s 
were used, and the estimated geometric standard deviation was 4 0 %  too 
large. In this case, the aerosol contained relatively few particles 
with diameters comparable to the D 5 0 ~  of the first impactor stages. 
The presence of particles with diameters much smaller than the D 5 0 ~  is 
attributed to their low, but significant, collection efficiency. 

wall losses were estimated by comparing the mass concentrations of 
various elemental constituents of aerosols collected with a series of 
alternately collected filter and impactor samplers. For samples collected 
downstream of an electrostatic precipitator (ESP), where the aerosol 
MMAD was 11.5 um, the average amount of mass collected in the impactors 
was about 60% of that collected by the filters (Table 2 ) .  When fine 
(MMAD < 2  pm), wet particles were collected downstream of a Venturi wet 
scrubber, the impactor and filter data typically agreed to within 2 0 % .  
which was well within the'uncertainty of the comparison. We concluded, 
therefore, that wall losses were lower for small, wet particles than for 
larger, dry fly-ash particles. 

Afterfilter data. As indicated in Table 1, the minimum D50 in this 
study was about 0.5 urn, and particles smaller than this were collected 
on an afterfilter. Aerosols from combustion of pulverized coal typically 
are distributed bimodally, with a fine-particle mode at about 0.1 um 
and a large-particle mode at supermicrometer sizes; the modal diameter 
of the latter depends strongly on the efficiency characteristics of the 
control device. The elemental concentrations in the fine-particle mode 
are of interest in health-impact and source-apportionment studies because 
of the typically high enrichment of the concentrations of many potentially 
toxic elements and useful tracer elements in particles in this size 
range. Large-particle contamination of the afterfilter due to particle 
bounce can, however, limit the value of these data. 

To investigate the importance of afterfilter contamination by 
particle bounce, particle-size distributions were determined by SEM 
techniques for afterfilters from three impactors (15). With a final-stage 
D50 of 0.5 um, we would expect to see particles as large as about 
0 . 9 4  um on the afterfilters: however, the afterfilters actually con- 
tained particles as large as 4 um. Cumulative mass distributions for 
the observed particles are plotted in Fig. 2 .  Curves a and b represent 
data for samples collected downstream of an ESP. Impactor stages were 
coated with vacuum grease (curve a) or not coated (curve b). Curve c 
represents afterfilter data for a coated impactor run downstream of a 
Venturi Wet scrubber. As indicated in Fig. 2 ,  large particles accounted 
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for about 96% of the particulate mass on the afterfilter from the coated 
ESP impactor and 9 8 %  of that from the uncoated ESP impactor. A somewhat 
lower value ( 8 7 % )  for large-particle mass on the third afterfilter indi- 
cates that particle bounce and reentrainment were only slightly reduced 
for the small ( < 2  vm), wet particles collected downstream of the Venturi 
scrubber. 

The mmads for the distribution of particles on these afterfilters, 
which ranged from about 1.4 to 3 um, were far larger than the D50 
for the final impactor stage and could not have been inferred without 
SEM measurement. Since neither the correct mass nor the correct particle 
size can be determined without SEM measurements, afterfilter data should 
usually be excluded from the analysis when SEM analyses are not made. 
However, there are some exceptions. For example, the concentrations of 
certain trace elements are typically much higher in submicrometer 
particles than in supermicrometer particles. In this study, the concen- 
tfdtiolia OL I.lu, bb, f ib ,  ailu be 1 1 1  the l a r y e  particles bere so LUW tha t  o 

high degree of large-particle contamination could be tolerated. As 
shown in Table 3 ,  we used the microscopy data and chemical analyses to 
estimate the true concentrations of elements in the fine-particle component 
of one of the afterfilters. Except for Mo, Sb, As, Se, and Ba, the 
elemental concentrations determined in particles on the afterfilter 
(which would normally be assigned a size less than the final-stage D50) 
ranged from 40% to over 2 0 0 %  higher than our estimates of their bounce-off- 
corrected concentrations. 

Although we have not formally investigated the deposition of conden- 
sible gases, the overall concentrations of Br and Se in impactor samples 
collected downstream of a hot-side ESP at a large western coal-fired 
power plant far exceeded their concentrations as determined by filter 
sampling (16). In addition, the concentrations of Br and Se were nearly 
uniform on all stages of an impactor (16). Both of these elements tend 
to be distributed inversely with respect to particle size, and concentra- 
tions typically differ by a factor of 10 between particles of 0.1 um 
and 1 um diameter. The surface area available for vapor adsorption is 
dominated by the substrate rather than by the particles collected on the 
substrates. Therefore we concluded that the flat concentration-vs-size 
distributions for Br and Se resulted from the adsorption of vapor-phase 
components of these elements. 

aerosols is the collection of numerous fine particles on large-particle 
impaction stages. Figure 3 is an SEM photograph of the third stage of 
an impactor located downstream of an ESP at a large western coal-utility 
boiler. Although the D50 was 6 um, hundreds of tenth-micrometer 
particles are visible. In treated off-gas streams from combustion of 
pulveriz d c al, concentrations of submicrometer particle are typically 
about 107/cms, while supermicrometer particle concentrations typically 
are three or four orders of magnitude lower. We attribute the collection 
of these fine particles to diffusive deposition from flow streams passing 
near the collection surface. Since these fine particles typically contain 
much higher concentrations of many trace elements, their collection may 
significantly bias the reported size distributions of these elements 
towards large particles. 

Another phenomenon that we have observed in sampling coal-combustion 

Submicrometer Aerosol Measurements 

Impactors that size-segregate particles via a series of stages 
operating at sucessively higher nozzle velocities have been designed by 
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numerous investigators (11,17,18,19). There is a practical upper limit 
to jet velocity (3,000-4,000 cm/s), above which particles tend to rebound 
from the collection plate and no longer stick to it (3). Further, 
given conventional drilling techniques, it is difficult to make jets 
with diameters less than about 0.025 cm. As a result, the lower limit 
of sizing by these impactors is about 0.4 wn (3). Particles below 
this size are typically collected on a backup filter, but are not size- 
segregated. Fresh aerosols from high-temperature combustion sources 
typically contain accumulation modes with modal diameters of about 0.1 um. 
Thus the distribution characteristics of these aerosols cannot be determined 
with conventional cascade impactors operated at near-atmospheric pressure. 

From Equation 3), it is clear that the size of particles collected 
on an impaction stage can also be reduced by increasing the value of the 
slip correction factor (C) or by reducing the diameter of the jets. The 
value ot C is increased by reduclny the gas and such an increase 
is the basis for low-pressure and high pressure-drop impactors such as 
those designed by McFarland et al. (3), Hering et al. (4), and Pilat et 
al. (5). The McFarland and Hering impactors use commercially available 
preimpactors for supermicrometer sizing and have three and four additional 
stages, respectively, for sizing submicrometer particles. The submicrom- 
eter sizing stages operate at a final stage pressure of 24.3 mm Hg 
(McFarland impactor) or 8 mm Hg (Hering impactor). The lower limit 
diameter for both impactors is 0.05 um. The McFarland impactor samples 
at a rate of 28 Ppm and, by using multiple jets (600 or 1,762), achieves 
jet velocities within the range required for acceptable particle bounce. 
Unfortunately, however, the unit requires a vacuum pump weighing between 
400 and 500 lb to support the 28-2pm sampling rate at the low final-stage 
pressure. Because of its large size and power requirements, the unit 
has not been adopted for routine field use and has never been fully 
evaluated. 

The Hering impactor is more portable and has been used to study the 
distribution of submicrometer sulfate aerosols (20). In this impactor a 
critical orifice separates the atmospheric and low-pressure stages and 
determines the 1-tpm sampling rate. The low-pressure stages each 
use a single jet, which even at the relatively low sampling rate produces 
jet velocities ranging from 9,300 to 30,000 cm/s. These jet velocities 
are so high that particle bounce is severe for the submicrometer particles 
(21). The single-jet design is not conducive to analysis by x-ray fluores- 
cence, and the low flow-rate hampers the collection of sufficient material 
for analyses of trace constituents in ambient air. 

In another study (22), we used a University of Washington Mark V 
impactor to determine the distributions of trace elements in submicrometer 
combustion aerosols from a 430-MW(e) coal-fired power plant. The Mark V 
is similar in design to the Mark 111, but it has 11 impactor stages and 
may be operated as a high pressure-drop impactor. The orifice plates 
of the last four stages of the Mark V are quite similar to those of the 
University of Washington Mark IV, which was designed specifically for 
low-pressure operation. The unit can provide up to six' submicrometer 
particle-size fractions. The Mark V was operated at flow rates of about 
7 PPm at final-stage pressures no lower than 345 mm Hg. 

Theoretical values of stage cutoff diameters can be calculated for 
the impactor if the gas pressures can be accurately estimated or measured. 
Pilat et al. (23) have extensively measured the pressures on each stage 
Of the Mark IV and have prepared theoretical curves giving stage cutoff 
diameters as a function of gas temperature and sampling rate for a speci- 

i 
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fic final-stage pressure. Because of the constraints of isokinetic 
Sampling and the somewhat high pressure-drop filter required for our 
chemical analyses, and possibly because the amount of gas leakage around 
the jet Stages in our study may have differed from that in the study of 
Pilat et al. (23), we were unable to obtain the final-stage pressures 
and sample flow rates called for by the theoretical curves. Because the 
degree of leakage between stages was unknown, and because the effects of 
particle bounce are not accounted for by theory, we relied on SEM tech- 
niques to determine the size distributions of particles collected on 
individual stages. The mmds for individual stages that collected sub- 
micrometer particles ranged from 0.77 to 0.11 m. In this study we 
used Teflon@-fiber afterfilters to achieve the desired flow rate, but 
these could not be analyzed by SEM. The size distributions observed for 
the last four stages (Fig. 4 )  were generally "well behaved"--i.e., they 
fit well the lognormal distribution function, and tended to be free of 
the large particles that should have been collected on previous stages. 
We believe that the use of coated substrates and the numerous impactor 
stages helped to minimize the effects of particle bounce. 

More recently, Kuhlmey et al. (6) developed a uniform-deposit micro- 
orifice impactor in which nozzles with diameters of 100 Irm were made 
in 50-um-thick plates by a photochemical etching process. The original 
impactor used LUU jet5 per 5 h y e  arid cuulu cuiiect 0 . i - v i n  pdrr ic i e s  ac 
a flow rate of 10 Epm with an overall pressure drop of only a few 
inches of Hg. Because of the large number of nozzles, the relatively 
high flow rate is achieved at quite low jet velocities. The nozzles 
were placed in a spiral pattern and the collection plate was rotated to 
achieve uniform deposition. The advantages of uniform depositidn are that 
particles do not pile up under the nozzles and alter the jet-to-plate 
spacing, thus changing the cutoff diameter: and that x-ray fluorescence 
can be used for analysis. A later, horizontally configured five-stage 
design with up to 2,000 jets per stage permitted sampling at 30 Epm 
with a minimum cutoff size of 0.06 Irm. Marple ( 8 )  has recently built 
two vertically configured microorifice impactors having a final cutoff 
size of 0.026 Irm. These vertically configured units use four-stage 
conventional atmospheric-pressure preimpactors to remove supermicrometer 
particles, and they also operate at 30 Epm. All of these microorifice 
impactors can be used with standard low-volume rotary carbon-vane vacuum 
pumps. 

to sample coal-combustion aerosols in elevated plumes and in plumes at 
ground level near Deep Creek Lake in western Maryland. Aside from the 
usual difficulty with the effects of particle bounce, few problems were 
encountered. Particle bounce could not be evaluated for ambient samples 
because the individual submicrometer particles could not be discerned. 
Marple and Rubow ( 8 )  have performed extensive calibrations with monodisperse 
aerosols; these show that impaction plates covered with aluminum foil 
have slightly larger D ~ O S  than plates covered with Teflon-fiber filters. 

we have used both the horizontally and vertically configured impactors 
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Table 1. Comparisons of D50 values for a University of Washington 
Mark I11 in-stack impactor and observed particle sizes in a 
sample collected downstream from the electrostatic precipi- 
tator of a 750-MW coal-fired electrical power unit (15) 

Interpolatedb 
Stage mg A1 nmda ag mmad D50 D50 

1 2.01 8.14 1.88 34.4 18.5 38.3 
2 1.75 2.91 2.10 11.7 8.06 16.7 
3 0.985 2.21 1.71 6.72 4.70 6.40 
4 0.586 1.39 1.65 4.24 3.01 3.17 
5 0.428 1.00 1.35 2.24 1.70 1.77 
6 0.179 0.64 1.38 1.37 0.99 0.94 
7 0.0837 0.34 1.35 0.73 d 0.50  

%umber median diameters (nmd) determined from SEM observation. bDiameter 
taken from m a d  curve (Fi . 1) corresponding to cumulative mass points 
of impactor D50 values. '50% cutoff diameters taken from calibration 
curves provided with the impactor and adjuster to reflect a particle 
density of 2.44 g-c~n-~. dValue not determined. 

I 

f 
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Table 2.  Comparisons of selected elemental concentrations in samples 
collected on filters and on impactors located downstream from 
the electrostatic precipitator of a 750-MW coal-fired elec- 
trical power unit 

Collection 
Average impactor Average filter efficiency 

( w / m 3  ) ( ~g/m3 (impactor/filter) 

A1 
As 
Ba 
Br 
Ce 
co 
Sb 
sc 
Se 
Sr 
Ta 
Th 
Ti 
U 
V 

230,000 f 2 1 , 0 0 0  
7 2 . 3  f 4.9 
3,640 f 490 
10 .2  f 0 . 7  
210 T 29 
25.4 T 3.9  
12.4 f 0 . 7  
24.7 f 2 . 7  
5 5  f 1 8  
738 f 28 
3.74 f 0.14 
4 5 . 9  f 5.7  
1 0 , 5 0 0  f 900 
25 .5  f 2.4 
268 f 18 

402,000 f 46,000 
1 1 8  A 8 
5 ,990  f 420 
81 f 34 
381  f 28 
43 .1  2 3.5 
19 .5  f 1.2  
45.9 f 3.2 
44 f 22 
1 , 3 2 0  f 20 
7.73 f 0.57 
8 6 . 5  f 8 . 5  
1 7 , 5 0 0  f 2 , 3 0 0  
42.0 f 3.5 
498 f 28 

0.57 f 0.08 
0.61 f 0.06 
0.62 f 0.09  
0.13 f 0.05 
0.55 f 0.09 
0.59 f 0.10 
0.63  f 0.05 
0.54 f 0.07 
1 . 2 7  f 0.75 
0.56 f 0.02 
0.48 f 0.04 
0.53 f 0.08 
0.60 f 0.09 
0 .61  f 0.08 
0.54 f 0.05 

Average collection efficiencya 0.60 f 0.05 
(fu)(excluding Br and Se) 

Range 0.47  - 0.71 

a Includes additional data reported in reference 15 

Table 3. Ratios of observed elemental masses on a typical afterfilter 
to those adjusted for particle bounce 

Element Ratios 

Mo, Sb, As, Ba 1.0f0.3; 1.18fO.08;  1 .19fO.08;  1.320.1 

Se, W. V ,  In 1 . 3 2 0 . 1 ;  1.420.2 ;  1 . 5 f 0 . 2 ;  1 .920 .3  

Zn, Fe, U, Sr 2.1f1.1; 2.9f1 .0 ;  2 . 5 t 1 . 2 ;  2 .9f1 .4  

Mn 3 . 8 f 2 . 6  

Car Ce, Co, Cr 
Hf, K, Lu, Sc 
Sm, Ta, Yb 

>1 .o 

Gar Ti, Eu, A1 > 1 . 4 ,  >1.7, > 2 . 0 ,  >2.1 
Dy, Th, La, Na >2.2 ,  > 2 . 6 ,  > 2 . 7 ,  >3.3 

Adapted from reference 15 
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Figure 1. Cumulative mass distributions of the element A1 plotted 
using using impactor D50 values and mads derived from SEM 
analyses. The impactor was run downstream from an ESP with 
uncoated impaction stages. 
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Curve a - cumulative mass distribution for coal combustion 
particles collected on an afterfilter of a coated impactor. 
Curve b - cumulative mass distribution for particles collected 
on an afterfilter of an uncoated impactor. Curve c - cumula- 
tive mass distribution for particles collected on an after- 
filter at the outlet of a wet scrubber. 

Figure 2 .  
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?igure 3. Particles collected on an impactor stage with a D50 of 6.4 urn; 
4000X magnification. 
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impactor wi th  submicrometer c u t  off diameters .  
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VARIABILITY OF COMPOSITIONS OF PARTICLES RELEASED BY 

COAL-FIRED POWER PLANTS 

Glen E. Cordon and Ann E. Shef f ie ld  

Department of Chemistry, University of Maryland, College Park, MJI 20742 

Introduct ion 

Methods are needed f o r  determining cont r ibu t ions  of emissions from coal- 
f i r e d  power p l a n t s  to  atmospheric po l lu t ion  problems ranging from t o t a l  sus- 
pended p a r t i c u l a t e  mat ter  (TSP) on a l o c a l  s c a l e  (10s of km) t o  s u l f a t e s  and 
acid p r e c i p i t a t i o n  on a regional  s c a l e  (100s of km). One of the best ap- 
proaches is receptor  modeling (A), in which unique chemical and other  charac- 
t e r i s t i c s  of emissions a r e  used t o  i d e n t i f y  cont r ibu t ions  from various 
sources. According t o  the mast widely used receptor  model, "chemical mass 
balances" (CMBs), the composition of a i rborne p a r t i c l e s  is expressed as a 
l i n e a r  combination of the composition pa t te rns  f o r  a l l  important sources: 

where 9 is t h e  concentrat ion of element ( o r  spec ies )  2 in an ambient p a r t i -  
cu la te  sample, y is the  mass concentrat ion contr ibuted by source J, and 3 j  
is the concentrat ion of element -& in p a r t i c u l a t e  matter from source J. Con- 
cent ra t ions  of many spec ies ,  3, in t h e  atmosphere and compositions of p a r t i -  
c les  from many sources ,  the  3 6 ,  are measured and a least-squares  f i t  t o  the 
9 values  is performed t o  obta in  t h e  source-strength terms, the  2 s .  The 0 5 s  
a r e  most successfu l  i f  the measured elements include some, of ten  c a l l e d  
"marker elements", t h a t  a r e  contr ibuted mainly by c e r t a i n  sources ,  e.g., Pb 
and Br from motor vehic les ,  V and N i  from o i l  combustion, As and Se from 
coal-f i red p l a n t s  (2). 

Progress  in t h i s  f i e l d ,  espec ia l ly  on an urban s c a l e ,  has been good (A), 
but t o  make receptor  modeling more prec ise  and t o  extend i t  t o  a regional  
sca le ,  we need g r e a t l y  t o  improve our knowledge of source-composition terms, 
the  3 j s ,  for  use in CNR ca lcu la t ions .  For t h i s  reason, we have assembled a 
source-composition l i b r a r y ,  which includes da ta  from the  l i t e r a t u r e  and our 
group's research  on compositions of p a r t i c l e s  from important types of air- 
pol lu t ion  sources. Here we report  on 21 s t u d i e s  of compositions of p a r t i c l e s  
re leased by coal-f i red power plants .  

Source-Composition Library 

W e  have t r i e d  to  make the source-composition l i b r a r y  as usefu l  as p a -  
s i b l e  f o r  i n t e r p r e t a t i o n  of e x i s t i n g  l a r g e  da ta  sets. Therefore, whenever 
size data  were a v a i l a b l e ,  we entered the compositions of "f ine" ,  "coarse", and 
" to ta l"  p a r t i c l e s .  W e  def ine  f ine  p a r t i c l e s  as those of diam <2.5 p and 
coarse p a r t i c l e s  as those with diameters from 2.5 p up t o  the  maximum col- 
lec ted  in a given experiment, usual ly  15 t o  20 p. Most data  were taken with 
d i f f e r e n t  size cuts, so it was necessary t o  group da ta  in d i f f e r e n t  ways and 
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interpolate around the 2.5-urn region. The "total" category (a properly 
weighted combina tion of fine.and coarse particles) was included for CMB 
treatments of many otherwise excellent ambient particle data sets containing 
no size information. The "total" component also contains data from source 
studies in which no size information was obtained. Some source categories 
would contain few entries if restricted only to size-segregated data. 

Most recent data sets are accompanied by estimates of errors of the mea- 
surements or  observed sample-to-sample fluctuations, which we have entered 
into the library, as it is important to weight various data sets by some in- 
verse function of the uncertainty (traditionally 1 / 0 2 ,  which we have used) to 
compute overall averages and their uncertainties. The latter are important, 
as modern CMf! programs use uncertainties of source compositions in weighted 
least-squares fitting procedures. We excluded fluctuations arising from 
variations of mass loading of the stacks or errors in the air volume sampled. 
For receptor modeling, the appropriate errors for weighting are those of the 
concentrations of the species in the particulate mass (or relative to that of 
some normalizing element, if mass was not measured). For each source type, we 
normalized concentrations of all elements to that of a prominent element, 
e.g., Al for emissions from coal-fired plants. However, when a data set con- 
tains reliable information on mass, we enter a value f o r  mass relative to the 
normalizing element to retain that information. Data for 21 studies of coal- 
fired plants (including more than one study of some plants) are included in 
the library. 

Compositions of Particles from Coal-Fired Plants 

When coal burns, elements present in the carbonaceous phase tend to be 
liberated to the Eas phase, whether or not they are volatile. Aluminosili- 
cate fragments, the "ash" of coal, melt and outgas volatile species, but are 
only slightly vaporized (6). When the exhaust stream leaves the combustion 
zone and cools, major portions of the moderately volatile elements condense on 
pre-existing particle surfaces and, as finer particles present more surface 
area, these elements become preferentially associated with fine particles (2). 
Fine particles also tend to be transmitted through pollution-control devices 
more readily than large particles. Thus. moderately volatile elements tend to 
be enriched relative to lithophiles such as Al and Si with respect to the 
input coal. 

Instead of considering raw compositions of particles from coal combus- 
tion, we use enrichment factors, EF, which are easier to interpret: 

where Cs are concentrations of element X and Al, respectively, in the parti- 
cles azd average crustal material of the earth (2). 
unique choice of normalizing element; others such as Si or Fe can and have 
been used. ) 

(Note that Al is not  a 

The EFcrUst values are plotted in Fig. 1 for the "total" category for all 
elements for which there are significant data. We assume that distributions 
are logaormal and have plotted logs of the (unweighted) geometric means plus  
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and minus t h e  log of the  geometric standard devia t ions  to show the v a r i a b i l i -  
t y  of compositions. 

In Fig. 1, many elements (mostly l i t h o p h i l e )  are only s l i g h t l y ,  i f  a t  
a l l ,  enriched with respect  t o  the c rus t :  the a l k a l i n e  e a r t h s ,  the higher 
a l k a l i  meta ls ,  t h e  r a r e  e a r t h s ,  Sc, T i ,  Fe, Z r ,  Hf and Th. That is, these 
elements occur i n  the same r e l a t i v e  concentrat ions i n  coal emissions as i n  
s o i l  or rocks,  so they a re  of l i t t l e  value i n  d i s t inguish ing  between coal 
emissions and a i rborne  s o i l  i n  CWB ca lcu la t ions .  Some elements a re  depleted 
r e l a t i v e  t o  the c r u s t  because they were washed out of the forming coa l  i n  the  
ground: N a ,  K and Mn. (Tantalum i s  probably not depleted;  r a t h e r ,  the  
c r u s t a l  abundance is  i n c o r r e c t l y  large.)  Many elements a r e  enriched up to  
ten-fold, e s p e c i a l l y  t r a n s i t i o n  elements V, C r ,  Co, N i ,  Cu and Zn. The high- 
est EFs, up t o  10,000, a re  f o r  elements tha t  a r e  v o l a t i l e  or have v o l a t i l e  
compounds: B, P, S, C 1 ,  As, Se, B r ,  Mo, Ag, Cd, In, Sb, I, Hg and Pb. In 
general ,  t h e  elements of t h i s  group w i l l  be the  most useful  f o r  t rac ing  
emissions from coal - f i red  p lan ts  unless g r e a t e r  amounts a r e  re leased by other  
sources: Pb, B r  and C 1  from combustion of leaded gasol ine;  Mo from o i l  in 
eas te rn  U.S. c i t i e s ;  Ag, Cd, In and Sb from i n c i n e r a t o r s ,  i f  they a r e  i n  use; 
haloKens from sea  s a l t  in marine areas .  

A major problem with these highly v o l a t i l e  elements is t h a t  appreciable 
f rac t ions  remain i n  t h e  g a s  phase beyond t h e  pol lut ion-control  devices ,  but 
port ions of the  vapor m y  condense when the s t a c k  gases a r e  cooled and d i lu ted  
by ambient air. Thus, concentrat ions of many of these elements on p a r t i c l e s  
may be g r e a t e r  a t  the ambient sampling s i t e  than i n  the  hot s tack.  Major 
port ions of S, C 1 ,  S e ,  Br  and Hg a r e  known t o  be i n  the  gas phase i n  s tacks 
(1); Se (5) and, of course,  S are  known t o  become more s t rongly  associated 
with p a r t i c l e s  i n  ambient air. New sampling methods a r e  needed to  obtain 
p a r t i c l e s  more similar to those tha t  e x i s t  a f t e r  some time spent i n  ambient 
a i r .  Di lut ion source sampling, i n  which s t a c k  gases a r e  mixed with f i l t e r e d  
ambient a i r  before  sampling (9). is  a s tep  i n  the  r i g h t  d i r e c t i o n ,  but s tud ies  
f a r  downwind i n  plumes are  mfe s a t i s f a c t o r y ,  e.g., the  co l lec t ion  of par t i -  
c l e s  from the  Four Corners p lan t  on a mesa 8 !a from the s t a c k  by Wangen (IO). 
Although t h e  gas-phase problem i s  a nuisance f o r  determining appropriate  par- 
t i c l e  compositions, vapor-phase species  could serve as useful  t r a c e r s  i f  more 
work were done on them. 

Concentrat ions of some of the most highly enriched elements i n  Fig. 1 
a l s o  have some of the highest  v a r i a b i l i t i e s ,  the BF values of ten  coveting 
more than an order  of magnitude. In p a r t ,  the  v a r i a b i l i t y  may r e s u l t  from 
f luc tua t ions  i n  t h e  amount of vapor-phase spec ies  co l lec ted  by the p a r t i c l e s  
before they are sampled. However, much of the v a r i a t i o n  a r i s e s  because the 
l i b r a r y  contains  d a t a  f o r  a wide range of p l a n t s ,  some burning e a s t e r n  (most- 
l y  bituminous) c o a l ,  some burning western (subbituminous and l i g n i t e )  coal ,  
some equipped with e l e c t r o s t a t i c  p r e c i p i t a t o r s  (ESPs), o thers  with scrubbers. 
We can at tempt  t o  e l imina te  var ia t ions  caused by f luc tua t ions  of composition 
of the input  coal  by consider ing enrichment f a c t o r s  with respect  t o  input 
coal ,  AFcoal, the  same as  Eq. 2 ,  except with ( C ~ / w ) ~ ~ ~ l  i n  the  denominator. 
(Note tha t  t h e  populat ion of u lan ts  drops t o  about h a l f ,  as coa l  was not 
analyzed i n  the  o thers . )  We have l i s t e d  EF d a t a  f o r  several  of the enriched 
elements in Table 1. The key measure of v a r i a b i l i t y ,  independent of the 
mavf tude  of t h e  mean value, i s  oK. Much as i n  our earlier inves t iga t ion  with 
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fewer data  (g), we see t h a t  the use of EFcoal ins tead  of EFcrUst reduces 
f l u c t u a t i o n s  for  some elements (V, I. W, U and, e s p e c i a l l y ,  Se and Mo),  but 
increases  them f o r  t h e  o t h e r s ,  so t h i s  technique is  not a complete s o l u t i o n  t o  
t h e  problem of v a r i a b i l i t y .  

Another approach involves  the r e a l i z a t i o n  t h a t ,  f o r  receptor  modeling i n  
a given region,  the component should not include d a t a  from a l l  p l a n t s  inves- 
t i g a t e d ,  but from those most representa t ive  of the  types of p lan ts  present  i n  
t h e  region. For example, for study of eas te rn  U.S. c i t i e s  o r  the acid r a i n  
problem i n  the northeast  U.S., the  component should be made up mainly from 
d a t a  for  eas te rn  p lan ts  equipped with ESPs. Note i n  Table 1 t h a t ,  except f o r  
B r ,  Mo and Pb, there  a r e  reduct ions i n  ag, some q u i t e  s i g n i f i c a n t ,  when we 
consider only t h i s  group of plants .  The removal of p l a n t s  with scrubbers 
he lps  espec ia l ly  i n  the  case of Se, as  scrubbers g r e a t l y  increase  the  EF of Se 
(and S) on released p a r t i c l e s .  

Another possible  source of f l u c t u a t i o n  is the  e f f i c i e n c y  of the ESP as  a 
funct ion of p a r t i c l e  s ize .  Some of t h i s  v a r i a b i l i t y  should be removed if we 
consider only f i n e  p a r t i c l e s .  Data i n  Table 2 show t h a t  there  a r e  f u r t h e r  
reduct ions of i n  most cases  tha t  can be t e s t e d  (along with expected in- 
creases  i n  mean EF) when we consider only f i n e  p a r t i c l e s .  I n  the  f i n a l  col-  
umns, we show the a r i thmet ic  average and s tandard devia t ion  for  the f i n e  par- 
ticles, i n  t h i s  case,  properly weighted by 1 /02  of the  ind iv idua l  measure- 
ments. By thus r e s t r i c t i n g  the d a t a ,  we have obtained r a t h e r  small var ia-  
t i o n s ;  however, very few d a t a  s e t s  a r e  included i n  t h i s  group, so more s t u d i e s  
are needed t o  e s t a b l i s h  r e l i a b l e  composition pa t te rns .  Some of the remaining 
f l u c t u a t i o n ,  e.g., f o r  Se, surely r e s u l t s  from v a r i a t i o n  i n  the amount of 
vapor-phase species  t h a t  condensed before p a r t i c l e s  were co l lec ted .  

Recommendations 

More da ta  on composJtions of p a r t i c l e s  and vapors from coal-f i red p l a n t s  
a r e  needed f o r  receptor lnodel ing ca lcu la t ions .  Special  e f f o r t s  shoud be made 
t o  analyze f o r  the highly enriched elements, which provide the  best  t r a c e r s  of 
emissions from coal-f i red plants .  P a r t i c l e s  should be co l lec ted  i n  a t  l e a s t  
two s i z e  f r a c t i o n s  and samples of the input  coal should be analyzed. More 
e f f o r t  is needed t o  c o l l e c t  p a r t i c l e s  representa t ive  of those co l lec ted  a t  
receptor  s i t e s ,  e.g., by d i l u t i o n  source sampling o r ,  p referab ly ,  sampling as 
f a r  as poss ib le  downwind i n  plumes. 

E 
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Table 1. Enrichment Factors for Selected Elements Borne by Total Particles 
from Coal-Fired Power Plants. 

All Plants Eastern Plants with ESPs 
Element fircrust &rcoal &!crust 

xg % xg xg 'Jp 

V 
N i  
Zn 
AS 

Se 

Br 
Mo 
Cd 
I 
w 

Pb 
U 

3.6 2.8 15 2.5 2.0 8 
3.5 2.8 16 2.8 3.6 9 
8.3 3.1 20 7.0 2.5 12 
90 4.4 18 2.8 5.6 8 

1400 6.3 18 8.4 3.1 9 

27 6.7 6 1.4 8.3 2 
76 4.5 9 4.6 4.6 10 
64 3.5 7 7.4 3.8 4 
190 6.8 3 4.0 2.2 2 
4.0 1.2 4 2.7 1.02 2 

9.7 3.2 18 4.0 4.0 9 
2.6 2.7 5 1.7 2.2 4 

2.8 
2.45 
7.0 
135 
950 

13 
34 
520 
570 
4.1 

5.7 - 

1.8 8 
1.6 7 
3.4 8 
2.1 8 
3.4 8 

7.2 3 
1 
1 

1.4 2 
1.0 2 

4.0 7 

- 
- 

- - 

Table 2. Enrichment Factors for Selected Elements Borne by Fine Particles 
from Eastern Coal-Fired Power Plants with Electrostatic Precipita- 
tors. 

Element EFCKUSt 

Geometric Weighted Arithmetic 
X f U  xg % 

V 
N i  
Zn 
As 
Se 

Br 
MO 
Cd 
I 
w 

Pb 

3.1 1.6 6 
4.2 1.2 5 
5.5 1.7 6 
280 2.0 6 
1440 2.5 6 

41 10 3 
97 - 1  - - 0  

1180 1.0 2 
9.1 1.1 2 

9.9 1.9 4 

1.73.9 
4.0f1.0 
4.1 fl. 1 
205 S O  
990f690 

6.8k2.9 
97 f35 

1180245 
- 

9.23.6 

14 f5 
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Fig. l . ( a )  Enrichment f a c t o r s  for  t o t a l  suspended p a r t i c l e s  from coa l - f i red  
power plants of a l l  types  with respec t  t o  Wedepohl's c r u s t a l  
abundances (6) : Be-Sr. 
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CHEMICAL REACTIVITY OF POLYCYCLIC AROMATIC COMPOUNDS 
VAPOR-ADSORBED ON COAL STACK ASH 

A. A. Garrison, R. A. Yokley, R. J. Engelbach, E. L. Wehry, and G. Mamantov 

Department of Chemistry, University of Tennessee, 
Knoxville, Tennessee 37996-1600 

INTRODUCTION 

Chemical reactions of polycyclic aromatic hydrocarbons (PAHs) under environ- 
mental conditions recently have received considerable attention (1-5), but much 
remains to be learned about the fate of PAHs in the atmosphere. Coal ash is a 
complex inhomogeneous mixture of many particle sizes, shapes and colors (6.7). It 
contains virtually every chemical element. The dominant elements are Si, Al, 0, 
Fe, and C, along with significant concentrations of Ca, K, Mg, and Ti. The manner 
i n  which coal ash surfaces influence the chemistry of adsorbed PAHs undoubtedly 
represents a complex interplay of chemical and physical parameters. Their study is 
complicated by the heterogeneous, complex composition of coal ash and the extreme 
difficulty of detecting adsorbed organic compounds by optical or particle spectro- 
scopic methods. 

The chemical reactivities of five polycyclic aromatic hydrocarbons, as 
adsorbates on coal stack ash surfaces, have been examined. Each of the indicated 
compounds is deposited (from the vapor phase) on seven well-characterized coal stack 
ashes of diverse origins, physical properties, and chemical composition. A signifi- 
cant aspect of the research is  the use of vapor-deposition techniques. PAHs were 
deposited from the vapor phase in a nitrogen atmosphere using diffusion cell and 
expanded adsorbent bed procedures decribed in detail elsewhere (8,9). This method 
was selected, as the photochemical behavior of PAHs adsorbed on coal fly ash may be 
significantly different from that of PAHs in liquid form, in the form of pure 
solids, or as adsorbates on alumina or silica (10-12). 

The reactivity of adsorbed PAHs exposed to gaseous co-pollutants also is not 
well understood. For example, there appears to be a possibility that some nonphoto- 
chemical nitration reactions reported for adsorbed PAHs in the presence of NO2 
actually result from reactions with HNO3 present as a contaminant in commercial NO2 
(13). The manner in which the reactivity of adsorbed PAHs with NOp is influenced by 
the nature of the adsorbate surface or the presence of light has not been estab- 
lished. 

We have generally observed that coal stack ash surfaces stabilize polycyclic 
aromatic hydrocarbons with respect to both photochemical and nonphotochemical oxida- 
tive transformation processes. However, there are significant variations in the 
abilities of different ashes to exhibit such stabilizing effects. The chemical and 
physical characteristics of the various stack ashes which may play important roles 
in altering the chemical behavior of organic compounds adsorbed from the vapor phase 
are discussed below. 

MATERIALS AND METHODS 

Aromatic Hydrocarbons 
Anthracene (hereafter abbreviated A), phenanthrene (Ph), pyrene (Py) , benzo[a]- 

pyrene (BaP), and benzo[a]anthracene (BaA) were obtained from commercial sources 
and, when necessary, purified by vacuum sublimation. 

Adsorbents 
Six ashes (from combustion of Eastern Appalachian (EA), East Tennessee (ET), 

Western Kentucky (WK), and Illinois (IL) bituminous coals; New Mexico (NM) subbitu- 
minous coal; and Texas (TX) lignite) were obtained from the Oak Ridge National Labo- 
ratory. A l l  samples were obtained from power plant stack control devices; sampling 
and chemical analysis of these materials have been described (14). A seventh ash 
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used w a s  an a n a l y t i c a l  s tandard (AR) obtained from Alpha Resources, S tevensvi l le ,  
Mich. An e ighth  ash, Kaneb (KA), was  a high carbon ash obtained from a s tack  col lec-  
t i o n  device of a power p lan t  experiencing operat ing d i f f i c u l t i e s  a t  the t i m e  of 
col lect ion.  Elemental analyses  of these  ashes a r e  l i s t e d  i n  Table 1, as a r e  pH 
values f o r  aqueous e x t r a c t s  of the  ashes. 

Other adsorbents included $lumina (neut ra l ,  Brockmann a c t i v i t y  I); s i l i c a  ge l ;  
control led poros i ty  g l a s s  (100 A average pore diameter, from Pierce Chemical Co., 
Rockford, I l l . ) ;  and f laked graphi te  (Southwestern Graphite Co. Burnet, Tex.). A l l  
adsorbents were s ieved t o  pass a 45 pm screen,  s tored  i n  the dark, and degassed a t  
e levated temperatures by passing high p u r i t y  ni t rogen over them i n  an expanded bed 
(8) immediately p r i o r  t o  use. P o r o s i t i e s  and surface a reas  were measured by BET 
ni t rogen adsorpt ion.  Diffuse re f lec tance  spec t ra  were measured using a Varian Cary 
14L spectrophotometer. 

TABLE 1 

BULK ELEb5NTAL COMPOSITION AND AQUEOUS EXTRACT pH VALUES FOR 
COAL STACK ASHESavb*c 

Element EA ET WK IL NM TX AR KA 
s i  23.4 30.0 23.4 22.7 28.1 25.7 29.0 na 
A l  13.6 15.5 10.1 9.1 13.1 7.5 11.4 M 
Fe 10.9 1.7 16.9 16.5 2.5 3.4 4.0 na 
C a  1.0 0.2 1.3 2.4 4.2 14.5 2.9 na 
Mg 0.8 1.8 0.4 0.6 0.7 1.9 0.8 na 
Aa 0.3 0.2 0.2 1 .7  1.4 0.4 0.8 na 
K 2.4 2.0 2.2 1.6 0.6 0.5 0.9 na 
C 1.8 0.5 0.3 0.3 1.0 0.5 0.3 2.8 

PH 8.2 4.7 4.4 3.3 11.9 10.8 11.4 6.4 

a A l l  a n a l y t i c a l  d a t a  as weight percentages of the elements. 
b See preceding page f o r  abbreviat ions.  
c Data not a v a i l a b l e  ind ica ted  by "na". 

Adsorption Techniques 
PAXs were deposi ted on the  adsorbents from the  vapor phase immediately a f t e r  

the  degassing procedure. Design d e t a i l s  f o r  the  d i f f u s i o n  c e l l  and expanded 
adsorbent bed are discussed i n  t h e  l i t e r a t u r e  (8,9). 

Photochemical Techniques 
TWO i l lumina t ion  cells w e r e  used: a r o t a t a b l e  quartz  tube (11) and a f luidized-  

bed photoreactor similar t o  t h a t  described by Daisey, et al. (15). The source was  a 
Cermax xenon i l lumina tor  ( ILC Technology, Sunnyvale, Cal.) operated a t  180-320 W and 
s i t u a t e d  34-38 cm from the  photo lys i s  c e l l .  The spectrum of t h i s  lamp closely 
s imulates  the s o l a r  spectrum i n  the 300-700 nm wavelength range. To avoid thermo- 
l y s i s  Of samples under i l lumina t ion ,  the near in f ra red  output of the lamp was at ten-  
uated by passing t h e  beam through 20 cm of water. A port ion of each adsorbent 
sample w a s  s tored  i n  t h e  dark, t o  serve as a cont ro l .  

Analyt ical  Procedures 
After i l lumina t ion  of a sample, it was subjected t o  micro-Soxhlet ex t rac t ion  

for  24 h r  i n  the  dark with methanol o r  toluene. A port ion of t h e  same sample, not 
i l luminated,  was ex t rac ted  i d e n t i c a l l y .  Because many PAHs cannot be extracted 
,quant i ta t ive ly  from coal  ash (16) ,  samples were subdivided i n t o  four  port ions a f t e r  
i l lumina t ion  but before  e x t r a c t i o n ,  so t h a t  the  PAH recovery f o r  each sample could 
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be expressed as a 95% confidence interval for quadruplicate extractions. The 
resulting solutions were analyzed for their extractable PAH content by W-visible 
absorption or fluorescence spectrometry. Decisions as to whether a given PAR exhi- 
bited degradation on a particular adsorbent were based on differences between the 
extraction recoveries (as 95% confidence intervals) for illuminated and unillumi- 
nated samples. 

Studies with NOz 

The photochemistry of adsorbed PAHs in the presence of NO2 (12ppm in N 2 )  was 
studied. To remove traces of HNO3 from the NO2, the gas stream was passed through a 
20 by 6.5 cm plastic tube packed tightly with nylon wool (17) and then through two 
46- diameter nylon filters (18). Spectrophotometric analysis of the final nylon 
filter for nitrate (19) indicated that the system trapped all detectable quantities 
of HNOs present in the NOz. 

RESULTS AND DISCUSSION 

Photoreactivities of adsorbed PARS were classified in the following categories, 

a) ft : High reactivity (>50% loss of PAH) 
b) + : Moderate reactivity (10-502 loss of PAH) 
c) 0 : Little or no photochemical reactivity (0-10% loss of adsorbed PAH). 
Using these classifications, the results are summarized in Table 2. 

based on 24 hr illuminations: 

TABLE 2 

PHOTOREACTIVITY OF ADSORBED P A H S ~ . ~  

PAH EA ET WK IL NM TX AR KA Silica Alumina Glass Graphite 

Py o o o o o * * o  * * ++ 0 
BaP O O O O O * + O  * * * 0 
A o + + o + * + o  * * +I- 0 
BaA na + n a  O n a * n a  0 fc * * na 
Ph na 0 0 0 0 + n a  0 i-t * * na 

a See "Materials and Methods" for abbreviations for PAHS and ashes. 
b Data not available indicated by ka". 

Major generalizations from these observations include the following. 
1) Greater photochemical reactivity is  observed for each PAH on alumina, silica 

gel, or controlled porosity glass than on any coal stack ash substrate. 
2) For each PAH, greater photochemical reactivity is observed on Texas lignite 

(TX) ash than any other ash. 
3) No photochemical reactivity is observed for any of the five PAHa on the high 

carbon Kaneb (KA) ash. A l s o ,  pyrene, anthracene, and BaP fail to exhibit any 
measurable photoreactivity when adsorbed on graphite. 

4 )  Of the five PAHs studied, anthracene is the most photoreactive on ET, WK, 
and NM ashes, but it appears less reactive than pyrene on the AR ash. 

5) In contrast to the observations of Dlugi and Gusten ( 1 2 ) ,  who examined the 
photochemistry of two PARS on two ashes and reported much greater photoreactivity 
for both compounds on the more acidic ash (as estimated by the pH of aqueous 
extracts of the ashes), our two most "active" ashes (TX and AR) produce alkaline 
extracts. Several of the acidic ashes (1L.ET.W) effectively suppress phototrans- 
formation of adsorbed PAHs. Likewise, one "alkaline" ash (NM) appears very effec- 
tive at inhibiting the phototrsnsformation of adsorbed PAHs. Hence, there does not 
appear to be an obvious relationship between ash surface acidity and the ability of 
that surface to suppress photodegradation of adsorbed PARS. 
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6) A s t rong re la t ionship  is observed between the  carbon content and the degree 
of i n h i b i t i o n  of photochemical r e a c t i v i t y .  A high i ron  content  in the  ash a l so  
appears t o  be r e l a t e d  t o  suppression of phototransformation of adsorbed PAHs. 
Whether there  is any r e l a t i o n s h i p  between these observations and the  tendency f o r  
PAHs to be most s t rongly  adsorbed on carbonaceous p a r t i c l e s  i n  s tack  ash (20) is not 
ye t  c lear .  

7) There is a pronounced general tendency f o r  those ashes which a re  darkest  in 
color  (as  noted v i s u a l l y  and by uv-vis ible  d i f f u s e  re f lec tance  spectrometry) t o  be 
most e f fec t ive  i n  i n h i b i t i n g  photolysis  of PAHs (see  Figure 1). The l i g h t e s t  
colored ashes (TX and AR) a r e  those on which PARS are photodecomposed most e f f i -  
c ien t ly .  The most deeply colored ashes (KA,EA,IL, and WK) e f f e c t i v e l y  i n h i b i t  PAH 
phototransformation. Subs t ra tes  which a re  v i r t u a l l y  t ransparent  throughout the 
280-400 tun wavelength region, such as s i l i c a  and alumina, show no i n h i b i t i v e  e f f e c t  
r e l a t i v e  t o  s o l i d  or  s o l u t i o n  decomposition. Graphite, which absorbs s t rongly 
throughout t h i s  s p e c t r a l  region. appears t o  suppress photochemistry of adsorbed 
PAHs. In t h e i r  earlier comparison of r a t e s  of photodegradation of anthracene and 
phenanthrene on two coal ashes, Dlugi and Gusten l ikewise noted t h a t  photodecomposi- 
t i o n  proceeded more rap id ly  on the l i g h t e r  colored ash (12). 

BET sur face  area and adsorption-desorption isotherm h y s t e r e s i s  measurements 
ind ica te  t h a t  a l l  adsorbents examined in t h i s  work possess pores of proper s i z e  to  
accomodate PAH molecules s tudied.  The p o s s i b i l i t y  e x i s t s ,  as e a r l i e r  suggested by 
N i e l s e n ,  e t  a l .  ( l ) ,  t h a t  PAHs "deposited ins ide  porous par t ic les . . .  can e a s i l y  be 
shielded from t h e  inc ident  l igh t" .  It seems l i k e l y  t h a t  such an " inner - f i l t e r  
e f f e c t "  is a f a c t o r  respons ib le  f o r  the  v a r i a t i o n  i n  PAH photoreac t iv i ty  between 
d i f f e r e n t  ashes. 

8) When pyrene o r  BaP is adsorbed on TX, ET, o r  I L  ash or  on s i l i c a  ge l ,  no 
detec tab le  decomposition of e i t h e r  PAH is observed in the  presence of NO2 i n  the 
absence of l i g h t ,  provided t h a t  precaut ions are taken t o  remove the  n i t r i c '  acid 
impurity from the NO2. 

In the  presence of both NO2 and l i g h t  (but  in the  absence of HN03), decomposl- 
t i o n  of pyrene and BaP is observed on s i l i c a  ge l  and TX ash, but no evidence of 
ni t ro-subst i tuted PAH is found. 

These observat ions seem t o  corroborate  the conclusions of Grosjean. et a l .  (18) 
t h a t  HN03, but not  NO*, e f f e c t s  n i t r a t i o n  of adsorbed PAHs, i r r e s p e c t i v e  of whether 
samples a r e  i l luminated or  exposed to  co-pol lutants  i n  the dark. 
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INTRODUCTION 

Carbonaceous a e r o s o l s  in t he  atmosphere are complex in na tu re  and a r e  derived 
from a v a r i e t y  of sources .  Improved methods f o r  cha rac t e r i za t ion  of organic  and ele- 
mental  f r a c t i o n s  of t hese  materials a r e  u rgen t ly  needed, e s p e c i a l l y  t o  a s ses s  the  
con t r ibu t ions  t o  carbonaceous ae roso l s  from biogenic and anthropogenic sources  of 
t h e i r  gaseous and primary p a r t i c u l a t e  precursors .  A s  pointed out  prev ious ly  by s e v e r  
a1 groups(l-5),  carbon i so topes  (1% and 1 4 C )  can be used to  obta in  new information on 
carbon source terms. The measurement of 14C conten t  by microsca le  gas propor t iona l  
counting (6,7) or by d i r e c t  1 4 C  atom counting with h igh  energy nuc lear  a c c e l e r a t o r s  
( 8 )  can provide d i r e c t  evidence of t he  q u a n t i t a t i v e  ro l e  of f o s s i l  f u e l  emissions 
(evapora t ion  and combustion) vis-a-vis n a t u r a l  emissions from vegeta t ion  and human- 
der ived  emissions from biomass combustion with r e spec t  to  the  atmospheric carbon 
cyc le .  

The a d d i t i o n a l  measurement of 13C/12C r a t i o s  in carbonaceous a e r o s o l s  by isotope- 
r a t i o  mass spec t romet ry  provides informat ion  concerning f r a c t i o n a t i o n  processes but  
a l s o  can d i s t i n g u i s h  between biomass combustion sources  involv ing  C-3 p l a n t s  ( s l a sh  
burning of corn ,  sugar  cane) and C-4 p l a n t s  (wood-burnin ) ( 9 ) .  This paper d iscusses  
r ecen t  da ta  acqui red  a t  BNL demonstrating the  va lue  of 54C and 13C measurements in 
source a l l o c a t i o n  of carbonaceous ae roso l  f r a c t i o n s  in the atmosphere. W e  fu r the r  
d i s c u s s  the  p o t e n t i a l  app l i ca t ion  of t hese  techniques f o r  mixed-phase s t u d i e s  of 
organic  oxidant formation of d i r e c t  re levance  t o  a c i d i c  depos i t i on  in non-urban and 
remote atmospheres. 

EXPERIMENTAL 

Organic/elemental  carbon spec ia t ion  is performed on ug-sized samples using a 
thermal evo lu t ion  technique  (10) in which carbon i s  evolved in 2 d i s c r e t e  s t eps  a t  
400°C in He and a t  65OOC in 10% Og/He, then  measured a s  CO2 by NDIR spectroscopy. 
l 3 C / I 2 C  measurements a r e  made by i s o t o p i c  r a t i o  mass spectrometry (Nuclide Corp) a l so  
a f t e r  conversion t o  CO2; r a t i o s  in samples of as l i t t l e  as 0.5 mg can  be determined t o  
f 0.1 6 u n i t s .  

Carbon-14 con ten t  is measured by s p e c i a l l y  designed gas p ropor t iona l  counters 
(7 ) .  Aerosol samples sre f i r s t  converted t o  CO2 by combustion in a macroscale vers ion  
of t h e  thermal evo lu t ion  technique. A clam s h e l l  oven was used t o  hea t  t he  sample fo r  
s equen t i a l  evolu t ion  of organic  and elemental  carbon under equiva len t  condi t ions .  Due 
t o  the  p o s s i b i l i t y  of thermal g rad ien t s ,  condi t ions  i n  the  macroscale appara tus  were 
ad jus t ed  t o  produce t h e  same recove r i e s  of t o t a l  carbon (ug C per  c g  of f i l t e r  area) 
as f o r  t he  microsca le  appara tus .  Carbon-14 da ta  a r e  repor ted  as ;b contemporary 
carbon. Aldehyde d a t a  r e f e r r e d  t o  in t h i s  paper were obtained by impinger sampling in 
dinitrophenylhydrazine/acetonitrile s o l u t i o n  and a n a l y s i s  of t he  d e r i v a t i v e s  by HPLC 
w i t h  W de tec t ion  (11).  O le f in  measurements were made by a s p e c i a l l y  designed 
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ozone-chemiluminescence appara tus  (12); d i f f i c u l t i e s  in c a l i b r a t i o n  accuracy and back- 
ground d r i f t  with temperature l i m i t  i ts  use t o  inferences  of r e l a t i v e  r e a c t i v e  hydro- 
carbon l e v e l s .  

RESULTS AND DISCUSSION 

Summaries of the ae roso l  carbon d a t a  obta ined  a s  p a r t  of t h e  POLlutant-TERpene 
CAnopy I n t e r a c t i o n  STudies ( P o l t e r c a i s t  I and 11) conducted a t  t h e  NOAA Atmospheric 
Turbulence and Dif fus ion  Laboratory (ATDL) s i t e  near  Oak Ridge, TN in coopera t ion  w i t h  
NOAA-ATDL and Oak Ridge National Laboratory ( O W )  s t a f f  a r e  reported in Tables 1 and 
2. Table 1 concent ra tes  on t h e  organic  and e lementa l  carbon da ta  obtained at  the  Oak 
Ridge s i t e .  Compared t o  prev ious ly  repor ted  da ta  (5) from urban and r u r a l  s i t e s  in 
t h e  N.E. USA and from Barrow, AK in winter  A r t i c  haze ep isodes ,  concent ra t ions  of both 
organic  and e spec ia l ly  e lementa l  carbon were q u i t e  high. Organ ic / to t a l  C ( t o t a l  = 
organic  + elemental  C) r a t i o s  were q u i t e  low and suggest t he  presence of s u b s t a n t i a l  
l o c a l  sources  of ae roso l  carbon in both summer and l a t e  win ter  seasons. 

Some s i g n i f i c a n t  d i f f e r e n c e s  in measured o r g a n i c / t o t a l  C r a t i o s  by macro- and 
microsca le  techniques were observed, wi th  the macroscale apparatus y i e ld ing  higher 
r a t i o s .  Th i s  sugges ts  t h a t  improvement in t h e  macroscale technique t o  b e t t e r  s imula te  
t h e  rap id ,  uniform hea t ing  of t he  microsca le  appara tus  is in order.  However, d i f f e r  
ences were not l a r g e  enough t o  a f f e c t  t h e  conclus ion  t h a t  l o c a l  sources ,  poss ib ly  due 
t o  inc ine ra t ion ,  make dominant con t r ibu t ions  t o  l o c a l  a e r o s o l  carbon l e v e l s ,  and t h a t  
l e v e l s  of ae roso l  carbon make a non- t r iv i a l  con t r ibu t ion  t o  ae roso l  loadings  and 
concommitant v i s i b i l i t y  e f f e c t s .  This c o n t r a s t s  with the  summertime r e s u l t s  in the 
nearby Great Smoky Mountains (13) in which ae roso l  carbon e f f e c t s  on v i s i b i l i t i y  were 
much sma l l e r  than those produced by ae roso l  s u l f a t e  l eve l s .  Summertime l e v e l s  of 
ae roso l  s u l f a t e  were comparably h igh  in both s tud ie s .  

Table 2 presents  t he  da t a  f o r  13C/12C r a t i o s  and I4C conten t  of aerosols  
c o l l e c t e d  a t  the  ATDL/Oak Ridge s i t e .  The I 4 C  r e s u l t s  f o r  two samples in which both 
organic  and element 1 4 C  carbon were measured on t he  same sample are in agreement with 
p red ic t ions  tha t  elemental  carbon (soot )  in atmospheric ae roso l s  is due t o  primary 
emissions from combustion of f o s s i l  f u e l s  t o  a g r e a t e r  ex ten t  than is organic  carbon 
in ae roso l s ,  l ead ing  t o  lower I 4 C  con ten t .  The organic  carbon may come from a l a r g e  
range of biomass ma te r i a l s  of r ecen t  o r i g i n  ( l e a f  l i t t e r ,  carbon in resuspended soil, 
po l l en ,  e tc . )  a s  w e l l  as primary and secondary combustion ae roso l s .  I n  c o n t r a s t ,  a l l  
soot  must come from combustion sources  and, although wood combustion makes a major 
impact on ae roso l  elemental  carbon in some loca t ions  e s p e c i a l l y  in winter  ( 3 ) ,  most 
e lementa l  carbon is thought t o  be der ived  from fossil f u e l  burning. The h igh  l e v e l s  
of contemporary e lementa l  carbon samples even in t h e  summer season s t r o n g l y  suggests 
t h a t  t he re  a r e  l o c a l  soot  sources  from combustion of contemporary carbon-containing I 

I f u e l s  o the r  than wood. 
b 

I n  add i t ion  t o  ae roso l  measurements wi th in  and above the  canopy dur ing  P o l t e r  
c a i s t  I and I1 s t u d i e s ,  r e a c t i v e  t r a c e  gases  (HNO3, 03, NOx, o l e f i n s ,  reduced s u l f u r  
compounds and aldehydes) were a l s o  measured ( 1 4 ) .  In summer, 1983, increased  l eve l s  
of o l e f i n s  (- 2-fold) sampled a f t e r  a s i g n i f i c a n t  r a i n f a l l  were accompanied by 
inc reases  in formaldehyde (HCHO) l e v e l s  but not of acetaldehyde (CH3CHO) l eve l s .  
Isoprene emissions from the  deciduous f o r e s t  canopy a r e  deduced t o  be the  cause of 
increased  HCHO l eve l s ,  i n d i c a t i n g  biogenic con t r ibu t ions  t o  gas phase organic  oxidant 
p recu r so r s ,  but not d i r e c t l y  t o  organic  ae roso l  carbon formation. Much l o w r  r a t i o s  
of HCHO/CH3CHO were observed du r ing  winter,  1984, sampling when the  deciduous canopy 
was dormant. Addi t iona l  measurements a r e  requi red  in coni ferous  f o r e s t  canopies in 
which emissions a r e  d i f f e r e n t  in nature  ( t e rpenes  VS. i soprene)  and emitted in a more 
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F 

continuous p a t t e r n  (15).  For both types  of canopy s t u d i e s  new i s o t o p i c  ratio-based 
techniques a r e  requi red ,  e s p e c i a l l y  14C-measurements of u l t ra -h igh  volume samples of 
gaseous s p e c i e s  such a s  formaldehyde and, u l t i m a t e l y ,  of organic oxidants (PANS, 
ROOHs) and weak a c i d s  i n  atmospheric water samples, in order  t o  t r a c e  the  biogenic or 
anthropogenic origin of oxid ized  organics  and o t h e r  s i n k s  from the atmosphere. 
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Abstract  

Posi t ronium a n n i h i l a t i o n  l i f e t i m e  technique has  been employed t o  i n v e s t i g a t e  the 
phys ica l  and chemical  p r o p e r t i e s  o f  s u r f a c e s  and gas  a d s o r p t i o n s  on v a r i o u s  porous 
media,  such as XAD r e s i n s  z e o l i t e s ,  and alumina. Posi t ronium l i f e t i m e s  and formation 
p r o b a b i l i t i e s  va ry  as a f u n c t i o n  of adso rba te  concen t r a t ions .  By measuring t h e  
posi t ronium chemical  r e a c t i o n  r a t e  cons t an t  of adso rba te ,  we are a b l e  t o  o b t a i n  
u s e f u l  i n fo rma t ion  about  t h e  chemical s t a t e  and m o b i l i t y  of adsorbed molecules ,  such 
a s  N O 2 ,  S O 2 ,  Ni* and Co* on the  s u r f a c e s .  We found a c o r r e l a t i o n  between the  t o t a l  
s u r f a c e  a r e a  and pos i t ron ium formation p r o b a b i l i t i e s  i n  t h e s e  systems. Applicat ions 
of posi t ronium a n n i h i l a t i o n  technique t o  s u r f a c e  a n a l y s i s ,  environmental  s c i e n c e ,  and 
f o s s i l  f u e l s  are d i scussed .  

In t roduc t ion  

The i n v e s t i g a t i o n  of s u r f a c e  and microvoid p r o p e r t i e s  has  become one of the most 
i n t e r e s t i n g  problem i n  c a t a l y t i c ,  environmental  s c i e n c e  and f o s s i l  f u e l  r e sea rch  
today. Most of c a t a l y t i c  r e a c t i o n s  and adso rp t ions  o n l y  t a k e  p l ace  on the  s u r f a c e  of 
porous m a t e r i a l s ,  such as g r a p h i t e s ,  powders and g e l  systems,  which o f t e n  form a 
s t r u c t u r e  wi th  h i g h  s u r f a c e  a r e a .  One of t h e  most i n t r i g u i n g  problems i n  chemical 
r e sea rch  is on t h e  understanding of t h e  s u r f a c e s  and p r o p e r t i e s  of a d s o r b a t e s  i n s i d e  
t h e s e  porous media.' 

tlodern s u r f a c e  a n a l y t i c a l  methods can be broadly ca t egor i zed  as: e x - s i t u ,  and 
i n - s i t u  t echn iques .  Most o f  t h e  e x i s t i n g  t echn iques  t h a t  have evolved us ing  the  
conven t iona l  probes1 such as photons,  e l e c t r o n s ,  and ions  are ex - s i tu  methods. 
of t h e  e x - s i t u  probes approaches t h e  s u r f a c e s  of i n t e r e s t  from o u t s i d e  t h e  sample,  
and r e q u i r e s  an  ultra-high-vacuum t o r r )  cond i t ion .  However, most o f  r e a l  
s u r f a c e  a p p l i c a t i o n s  are under atmosphere p re s su re .  Unfo r tuna te ly ,  t h e r e  a r e  ve ry  
few good t echn iques  t h a t  can  be considered in - s i tu .  One of t h e  most s i g n i f i c a n t  
advantages of i n - s i t u  methods i s  t h a t ,  they can be used t o  s t u d y  p r a c t i c a l  o r  " r ea l "  
systems such as c a t a l y s t s  i n  f i n e  powder and porous forms, as opposed to t h e  ex-si tu  
probes where t h e  i n v e s t i g a t i o n  a r e  p r i m a r i l y  c a r r i e d  o u t  on s i n g l e  c r y o s t a t  f aces .  
I n  c a t a l y s t  and environmental  s c i ence  r e s e a r c h ,  t he  c u r r e n t  i n t e r e s t  i s  to  understand 
how they work on t h e  a tomic  s c a l e .  The major problem i s  t o  i d e n t i f y  t h e  a c t i v e  s i t e s  
where bond b reak ing  and rearrangements  take place.  The a c t i v i t y  and s e l e c t i v i t y  of a 
c a t a l y s t  is determined by t h e  s u r f a c e  s t r u c t u r e  and composi t ion.  Most c a t a l y t i c  
systems c o n t a i n  h i g h  s u r f a c e  a r e a  which have a complicated network of porous 
s t r u c t u r e .  C h a r a c t e r i z a t i o n  of t hese  complex but  p r a c t i c a l  c a t a l y s t  systems a r e  not  
ve ry  f e a s i b l e  by u s i n g  e x - s i t u  probe,  s i n c e  many c a t a l y t i c a l l y  s i g n i f i c a n t  s i t e s  a r e  
i n  t h e  c losed  po res  o r  i n n e r  su r faces .  
p re fe rab ly  i n - s i t u ,  and mic roscop ic ,  t o  atomic s c a l e ,  i s  a n  i d e a l  s u r f a c e  probe t o  
s t u d y  the  chemisry of c a t a l y t i c  systems. 

Each 

It i s  t h e r e f o r e  ev iden t  t h a t  a probe,  

Posi t ronium a n n i h i l a t i o n  spectroscopy (PAS)' i s  a new a n a l y t i c a l  technique which 
i s  capable  o f  i n v e s t i g a t i n g  t h e  microvoid and inne r - su r face  p r o p e r t i e s  of porous 
materials. The advantages of u s ing  PAS a r e  based on two f a c t s .  F i r s t ,  posi t ronium 
( P s ) ,  which c o n s i s t s  of a p o s i t r o n  ( a n t i - e l e c t r o n )  and an e l e c t r o n ,  w i l l  a n n i h i l a t e  
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at a specific rate which is controlled by the electronic density of systems under 
study. Gas-solid surfaces are the locations where the electronic densities are 
relatively low. Ps lifetimes are relatively long because Ps lifetime is inversely 
proportional to the electronic density. A longer lifetime of Ps annihilation has 
effectively increased the sensitivity using PAS for chemical analysis. The 
annihilation photons, whose energies are few-tenths of MeV, can be easily detected by 
standard nuclear technique. Thus Ps annihilation signals contain the electronic 
density information of materials under study. 

The second advantage is that positron possesses unique surface speciality. 
Contrary to an electron probe, a positron possesses a negative work function in most 
of solids, i.e. a positron is preferentially diffused or localized to the surface 
instead of stayed inside the bulk of solids. Because of the surface speciality and 
sensitivity of positron, Ps annihilation signals are thus mainly characterized by 
surface states even in complicated porous materials. 

Since the positrons emitted from neutron deficient radioisotopes will be 
thermalized in the bulk of materials in a few picoseconds, these positrons can 
finally diffuse into the microvoids or interfacial spaces. These positrons approach 
the surfaces internally, thus PAS is catalogued as an in-situ method which is rarely 
available in the surface research today. In this paper, we wish to present a series 
of results in applying positronium annihilation spectroscopy to chemical analysis 
(PASCA) for catalytic, environmental and fossil fuel systems. 

Experimental: 

(1) Positronium Annihilation Spectroscopy 

Positronium atoms are formed in most of organic substrates. The detection 
of positronium annihilation is usually carried out by a positron lifetime method 
which has been known for a few decade in material science and solid state 
research. Other PAS techniques, such as Doppler broadening and angular 
correlation measurements of annihilation photons, offer similar or complementary 
information of lifetime method. In chemical applications, the positron lifetime 
method gives chemical reaction rate constants which are particularly fruitful. 

The positron lifetime measurements were carried out by a conventional fast- 
fast coincident method, which monitors the starting signal (1.28 MeV &rays) 
from the positron annihilation in the material studied. The resolution of the 
spectrometer, which was employed in this study as shown in the schematic diagram 
of Fig. 1, was found to be 380 ps by measuring the coincident photons from a 
6oCo source. The obtained lifetime spectra were resolved into a function with a 
sum of multinegative exponential terms by a computer program-POSITRONFIT 
EXTENDED with two Gaussian resolution functions. The lifetimes were fitted into 
three components with a source correction of 5% in Mylars, which support "Na 
sources. The 5% source correction was determined from a lifetime result in a 
sample of nitrobenzene in which the solution completely quenches Ps, thus 
permitting us to determine the proportion of positrons annihilated in Mylar. 

( 2 )  Sample Preparations: 

XAD resins are copolymers of styrenedivinyl benzene. They are obtained 
from Rohm and Haas Co., (Philadelphia, Pa.). They are organic copolymers with 
varying functiona groups. All the XAD resins were subjected to a Soxhlet 
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e x t r a c t i o n  procedure wi th  dichloromethane and methanol ,  water t o  remove non- 
p o l a r  and p o l a r  o rgan ic  contamiants  from t h e  s u r f a c e s  r e s p e c t i v e l y .  
s t r u c t u r e  of XAD r e s i n s  i s  s t a b l e  under t h i s  c y c l i n g  t r ea tmen t s  and the  observed 
l i f e t i m e  r e s u l t s  are rep roduc ib le  a t  t h e  end of each cyc l ing  t r ea tmen t .  
De ta i l ed  d e s c r i p t i o n s  of t hese  m a t e r i a l s  can  be found i n  our previous paper.3 

The pore 

Linde molecu la r  s i e v e  zeol i te-Y w a s  ob ta ined  from Alfa Chemicals (Danvers,  
M a )  i n  t h e  powder form. The zeol i te-Y belongs t o  t h e  f a u j a s i t e  family of 
c r y s t a l l i n e  a l u m i n o - s i l i c a t e s .  The i r  framework s t r u c t u r e  c o n s i s t s  of 
a l t e r n a t i n g  s i l i c a  and alumina t e t r a h e d r a .  
form) w a s  a c t i v a t e d  a t  4OO0C f o r  s i x  hours  under a vacuum of 
zeol i te-Y powder i n  t h e  Na+ form was employed as t h e  s t a r t i n g  m a t e r i a l  f o r  
preparing metal- ion z e o l i t e s  (Li+,  Fe+3, Ni+’, Cu”) by impregnat ing t h e  metal  
n i t r a t e  s o l u t i o n s .  

The zeolite-Y powder (in t h e  Na+- 
t o r r .  The 

NO2 and SO2 were ob ta ined  from Linde Div i s ion  ( S p e c i a l i t y  Gases) of Union 
Carbide Co. ( r e s e a r c h  grade p u r i t y ) .  The gases  were introduced i n t o  a 
c a l i b r a t e d  g a s  manifold system p r i o r  t o  adso rp t ion  on t o  a s o l i d  suppor t  i n  a 
s p e c i a l l y  designed sample c e l l .  The adso rp t ion  of gases  and t h e  p o s i t r o n  
l i f e t i m e  measurements were performed a t  2 5 O C .  

The o i l  s h a l e 4  was Green River o i l  s h a l e  from t h e  Mahogany zone of t he  
Piceance Creek Basin near  R i f l e ,  Co. The raw m a t e r i a l  contained about  35 wtX 
kerogen and2.3 w t X  benzene-exryzctable  bitumen. The p a r t i c l e  s i z e  was about  
150pm (-100 mesh). The p o s i t r o n  experiments  were performed a t  room temperature 
under He atmosphere f o r  d i f f e r e n t  baking temperature .  

App l i ca t ions  of PASCA: 

(1)  Tota l  Surface Determined by PAS 

We have measured t h e  p o s i t r o n  l i f e t i m e s  i n  s i x  d i f f e r e n t  kinds of r e s i n s ,  
namely XADZ, XAD4, XAD7, XAD8, XAD11, and XADIZ. We observed t h r e e  l i f e t i m e  
components i n  each of t h e s e  r e s i n s ,  0.4 nsec ,  4.5 f 1.0 nsec,  and a long 
l i f e t i m e  > 30 nsec.  It i s  t h e  second and t h i r d  components t h a t  a r e  use fu l  i n  
c h a r a c t e r i z i n g  the  chemical  and phys ica l  p r o p e r t i e s  of r e s i n s .  F igu re  2 shows a 
p l o t  of I %, i . e .  0-Ps componet v e r s u s  s u r f a c e  a r e a  of t h e s e  r e s i n s .  It i s  
obvious d a t  t h e  0-Ps i n t e n s i t y  ( I  ) i s  p r o p o r t i o n a l  t o  the  s u r f a c e  a r e a .  
found a good l i n e a r  r e l a t i o n s h i p  between I3 and s u r f a c e  area.  
n e a r l y  independent  o f  chemical  f u n c t i o n a l i t y .  
high s u r f a c e  a r e a  systems:   oxide^,^ g raph i t e s , ‘  and ~ i l i c a g e l , ~  f a l l  i n t o  t h e  
same l i n e a r  equa t ion :  

We 3 
I is found t o  be 

The e x i s t i n g  r e s u q t s  of d i f f e r e n t  

I3 = 3.0 + 0.033 S 0 7 0  m2/g) 

I3 = 0.080 S (<70 m2/g) ( 2 )  

(1 )  

where S i s  t h e  s u r f a c e  a r e a  (m2/gm) and I-, is  t h e  observed l o n g e s t  0-Ps 
component i n t e n s i t y  i n  t h e  media. 
above equa t ions  is  a b u t  7%. 

Adsorption S t u d i e s  o f  Environmental  Important Molecules 

The accuracy of ob ta in ing  S v a l u e s  by t h e  

( 2 )  

BY employing t h e  l i f e t i m e  technique we have s t u d i e d  the  chemical 

I 

i 
c 
c 
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reactivities of N O 2 ,  SO2, NO and 02,Ni*, Cu*, and Co* in porous media. 
long-lived components (c2-  5 nsec, and2 > 30 nsec) have been attributed to 
positron annihilation on surface and in t2e microvoids of the media. The 
observed chemical reactivities between positronium atoms and gas molecules in 
microvoids are found to be smaller than those reported free gas due to caging 
effect. The chemical reactivities on the surface between Ps and adsorbed 
molecules on the surface, which in anionic forms, are reported for the first 
time and are found higher than those in the microvoids. The chemical reaction 
rate constant (k) were calculated by using Ps kinetic equation as: 

l k o  

where subscripts v, s ,  signify 0-Ps annihilation rate void and surface 
respectively. Figures ( 3 )  and (4) show plots of the annihilation rates in the 
voids and the equilibrium pressure of SOp (PE), as well as the annihilation rate 
on the surface and the*P (amount of SO2 adsorbed). 
observe the anti-inhibition effect of the surface component (I2%).  The distinct 
k, and k,, values for each molecule are new information for chemical analysis 
applications. 

In all the systems, we 

( 3 )  Preliminary Studies of Oil Shale by PAS 

I The investigation of the chemical and physical structure of combustible 
minerals and oil-shales has been attempted by PAS. We have measured the 
positron lifetime for the Green-River oil shale4 as a function of baking 
temperatures. The result is shown in Fig. 5. The measurements were made at 
room temperature under He atmosphere in order to avoid any further reactions 
after baking. Inspite of the fact that the chemical constituents in such an oil 
shale are still not known exactly by coventional means, the lifetime results are 
very interesting in many respects. 

The long-lived 0-Ps lifetime (-1.3 nsec) indicates that the shale structure 
consists of interfacial spaces. The quantitative fraction of these layer spaces 
equals to 4% as measured by 0-Ps component. The decomposition of internal 
organic compounds takes place at 34OoC where 0-Ps lifetime starts to increase. 
The optimal decomposition temperature takes place at 35OoC as shown in Fig. 5 .  
The decomposition continues up to the temperature about 45OoC. Above 45OoC, the 
shale structure becomes void-like since all organic molecules have escaped. The 
void concentration of the shale increases from 5% to 20% as the temperature 
increases from 45OoC to 6OO0C as measured by 0-Ps intensity. However, the void 
size (diameter) decreases as a function of temperature. If we employ the known 
correlation between the void diameter and the positron lifetime for solid 
substrates,8 we obtain the void size diameter varying from 2.5 1 to 1.2 8 from 
450°C to 60OoC. 
shales are in the progress in our laboratory. 

More systematic studies of positron lifetime and different oil 
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INTRODUCTION 

Al te rna t ive  f u e l s ,  such as solvent-ref ined coal (SRC), s h a l e  o i l ,  and biomass, 
a re  gaining more importance as energy sources ,  as  the s c a r c i t y  of crude o i l  
increases .  Fract ionat ion of these f u e l s  i n t o  a c i d i c ,  bas ic  and neutral  compo- 
nents i s  a general ly  accepted method of separat ion t h a t  has been widely ap- 
pl ied f o r  the  charac te r iza t ion  of coal-derived l iqu ids  (1-6) and s h a l e  o i l  
(7,8). Various schematics have been u t i l i z e d  f o r  th i s  kind of  separat ion,  
among which aqueous ex t rac t ion  (1,7,10,11) ,  ion exchange chromatography (6 ,9 ,  
12) and s e l e c t i v e  i s o l a t i o n  of N-containing compounds by HC1-precipitation 
(2,3,5)  o r  organometal l ic-coordinat ion chromatography (6,12,13) have been the 
most commonly used. 

Many of  these schematics possess a number of  disadvantages and/or l imi ta t ions .  
The l imited s o l u b i l i t y  of the protonated bases i n  the aqueous acid (aqueous 
acid ex t rac t ion)  (11,14) and the s e l e c t i v e  p r e c i p i t a t i o n  of  the  aromatic ba- 
ses by HC1 (HC1 p r e c i p i t a t i o n )  (15) a r e  just examples. The work by seve- 
ra l  authors (10,11,14,15) demonstrates t h a t  the bas ic  f r a c t i o n s  generated by 
d i f f e r e n t  base i s o l a t i o n  methods a r e  not  i d e n t i c a l ,  and i n  sane cases  posses 
s i g n i f i c a n t  s t r u c t u r a l  d i f fe rences  (15) .  

The inadequacy of the e x i s t i n g  methods, i n  t h e i r  present  form, suggested t o  
us t h a t  there i s  a need f o r  a general and in tegra ted  acid base-neutral separa  
t ion  schematic. Such a schematic should be appl icable  t o  var ious kinds of l i -  
quid f u e l s ,  should avoid any ex t rac t ion  o r  prec ip i ta t ion  s t e p s  and r e l y  ins -  
tead on chromatography. We have undertaken the development of t h i s  separa t ion  
scheme using a la rge  number of s tandards t h a t  represent  the var ious chemical 
c lasses  general ly  found i n  l i q u i d  f u e l s .  

One " s i l i c a  gel modified w i t h  KOH" column and one cat ion exchange res in  co- 
lumn were employed f o r  the  f rac t iona t ion .  Mixtures of the  var ious s tandards ,  
as well as  the  a l t e r n a t i v e  f u e l s ,  were separated i n t o  a c i d s ,  bases and neu- 
t r a l s  f r a c t i o n s  which were then character ized by Gas Chromatography/Mass 
Spectrometry ( W M S )  . 

EXPERIWNTAL 

Preparation o f  t h e  packing mater ia l s  for column-chranatography 

Amberlyst 15,  the cation-exchanger u t i l i z e d ,  and the s i l i c a  t r e a t e d  with K O H ,  
were prepared according t o  the  l i t e r a t u r e  (9 ,16) .  In this work, 20 gm of t h e  
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cation-exchange r e s i n , s l u r r i e d  i n  te t rahydrofuran;  and 20 gm o f  the KOH t r ea -  
ted s i l i c a ,  s l u r r i e d  i n  isopropanol-chloroform mixture, each was mechanically 
s t i r r e d  f o r  30 minutes before being in t roduced i n t o  a 500 x 11 mm 1.0. glass 
colunm f i t t e d  w i t h  a t e f l o n  stopcock and a p iece o f  glass wool t o  r e t a i n  the  
packing ma te r ia l .  The modi f ied s i l i c a  column was then washed w i t h  100 m l  o f  
chloroform w h i l e  the r e s i n  column w i t h  100 m l  o f  n-hexane, each so lvent  o f  
which serv ing as a f i r s t  e luen t .  

F rac t i ona t ion  of  standard mixtures on both columns 

Separate mixtures o f  acids, bases and neu t ra l s  standards were prepared so as 
t o  con ta in  300 mg/ml o f  te t rahydrofuran.  The composition o f  these standards 
appears i n  Table 1. The r e t e n t i o n  behaviour o f  the separate mixtures, on both 
columns, was monitored g r a v i m e t r i c a l l y  (and l a t e r  s tud ied  by GC/MS) by i n j e c -  
t i n g  1 m l  o f  each mixture on each o f  the two columns and c o l l e c t i n g  f rac t i ons  
i n  v i a l s  o f  5 m l  each. Fract ions were evaporated t o  constant weightby p lac ing 
the v i a l s  i n  a, home-made, water  bath-heated block, s e t  a t  7OoC and passing 
Nitrogen a t  a low pressure. F igure 1 o u t l i n e s  t h e  schematic used t o  f r a c t i o -  
nate a t o t a l  m ix tu re  o f  the standards, and l a t e r  appl ied t o  the l i q u i d  fuels, 
along wi th  t h e  e luents  u t i l i z e d  t o  prov ide the  optimum condi t ions f o r  the 
separation. 

6as Chromatography-Mass Spectrometry: Experimental Condit ions 

The GC/MS system used was an HP 5995 B equipped w i t h  a l i b r a r y  search system. 
The mass spectrometer was used i n  the e lec t ron  impact (EI) mode w i t h  an i o n i -  
zat ion p o t e n t i a l  o f  70 eV. Gas Chromatographic condi t ions appear as a footno- 
t e  i n  Table 1. Standards were chromatographed i n d i v i d u a l l y  and i n  t h e i r  res- 
pect ive mixtures o f  acids, bases o r  neu t ra l s  t o  determine t h e i r  re ten t i on  
cha rac te r i s t i cs  and the  best  r e s o l u t i o n  condi t ions.  

RESULTS b DISCUSSION 

Chromatogram 1 shows t h e  t o t a l  mix ture o f  acids, bases and neu t ra l s  standards 
before f r a c t i o n a t i o n ,  wh i l e  chromatograms 2, 3 and 4 a re  f o r  t he  ac id i c ,  ba- 
s i c  and neu t ra l  f rac t i ons ,  respect ive ly ,  a f t e r  t he  t o t a l  mix ture has been suc- 
cessively separated on cation-exchange and s i l i c a  modi f ied columns, according 
t o  t h e  developed schematic i n  F ig .  1. Chromatograms 2 - 4 were generated un- 
der i d e n t i c a l  chromatographic condi t ions f o r  cmpar ison purposes. These con- 
d i t i ons  along w i t h  peak numbers i d e n t i f i c a t i o n  appear i n  Table 1. 

Chromatogram 1 ,  i n  add i t i on  t o  being complex, shows t h a t  co -e lu t i on  o f  seve- 
r a l  o f  t h e  components i s  i n e v i t a b l e ,  even w i t h  t h e  slow temperature program 
employed. These problems are overcome a f t e r  the t o t a l  m ix tu re  i s  f ract ionated,  
as chromatograms 2 - 4 confirm. 

Chromatogram 2 shows t h a t  t he  a c i d i c  f r a c t i o n  is  pure; no over lap o f  bas ic  o r  
neutra l  components has been detected by GC/MS. Chromatogram 3 demonstrates 
tha t  t he  bas i c  f r a c t i o n  i s  s l i g h t l y  contaminated w i t h  sane a c i d i c  components 
(peaks 31, 33, 39 and 41). The contamination l e v e l s  a re  low as i nd i ca ted  by 
the r e l a t i v e  peak areas measurement. The on ly  contamination o f  t he  neutra l  
components, i n  t h i s  same chromatogram, comes from 2-methyl i n d o l e  (peak 34). 
This compound behaves as a week base and can e a s i l y  be trapped by a strong 
cation-exchanger. This phenomenon i s  f u r t h e r  emphasized i n  chromatogram 4 
f o r  t he  neu t ra l  f r a c t i o n  which shows t h e  complete absence o f  2-methyl indole.  
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The strong over1 ap of 2-sec-butylphenol (peak 24) and 3-t-butylphenol (peak 
25) w i t h  the neutral f r a c t i o n  i n  chromatogram 4,  could be due t o  t h e  s t e r i c  
hindrance of the bulky buthyl groups t o  adsorpt ion of these  respective phenols 
on the bas ic  s i l i c a  sur face .  

Chromatogram 5 shows a bas ic  f r a c t i o n  i s o l a t e d  form a typ ica l  Braz i l ian  SRC 
(Mina do LeZo) using the developed schematic. Conditions a r e  the same a s  i n  
Table 1 except t h a t  a 5oC/min temperature programn was used. 

A portion of the t o t a l  ion chromatogram (T.I .C.)  f o r  this  same f r a c t i o n  i s  
displayed i n  chromatogram 6. Both the gas chromatogram and the t o t a l  ion 
chromatogram indica te  t h a t  the  var ious bas ic  components have been well reso l -  
ved which makes t h e i r  i d e n t i f i c a t i o n  (not  attempted) q u i t e  poss ib le  s p e c i a l l y  
knowing t h a t  this f r a c t i o n  should contain the bas ic  compounds as  the  results 
i n  chromatogram 3 ind ica te .  

In conclusion, t h i s  work suggests t h a t  u s i n g  the developed schematic any 
mixture containing a c i d i c ,  basic  and neutral  components can be e f f e c t i v e l y  
separated i n t o  i t s  respec t ive  chemical c lasses ,  w i t h  a minimum overlap among 
these c lasses .  The method can be re f ined  a l i t t l e  more so as  t o  y i e l d  even 
purer f rac t ions .  Work along these l i n e s  is under study. 
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CHEMICAL AND BIOLOGICAL EVALUATION OF OILS 
AND TARS PRODUCED UNDER VARYING COAL 

DEVOLATILIZATION CONDITIONS 

Vassilis C. Stamoudis 

Geochemistry Section 
Energy and Environmental Systems Division 

Agonne National Laboratory 
Argonne, IL 60439 

INTRODUCTION 

Oils and tars are among the major coalgasification by-products having 
potentially adverse health and environmental consequences. The production of oils and 
tars during gasification, pyrolysis, and hydropyrolysis is related to the initial coal 
devolatilization reactions. The yield has been shown to vary with temperature, pressure, 
residence time, gadsolid contact, gaseous environment, and presence of catalytic 
surfaces. Further, coalgasification oils and tars have been shown to contain toxic 
chemicals, including polynuclear aromatic amines and hydrocarbons [l-41. A compre- 
hensive report of an extensive study relating process conditions to chemical and 
toxicological characteristics of coalgasification oils and tars has been published [SI. A 
summary of some of the results and important findings is presented here. 

EXPERIMENTAL 

Experiments were conducted in a Z-Ib/hr entrained-flow reactor operated by the 
Mellon Institute, in close cooperation with Environmental Research and Technology, Inc. 
The samples were analyzed by Argonne National Laboratory. Forty-nine successful runs 
of the reactor covered the following conditions: (a) reactor temperatures = 6OO0C, 
800°C, and 1000°C; (b) gas-phase residence times = 0.2 s and 1.3 s; (c) reactor pressures 
= 3 atm and 10 atm; (d) reactant gases = He, H2, C 0 2 ,  and steam: and (e) coal types = 
lignite and subbituminous coal. The organic by-products were trapped by means of three 
successive traps, and the trapped condensates were combined in proportion to the 
amounts produced. The combined oil/tar samples were then analyzed for organic 
compounds using computer-controlled, fused-silica, capillary-column gas chromatography 
(GC) (Hewlett-Packard 5880A). The aromatic relative retention index (RRI) [5,6] and the 
concentration of each peak were calculated and printed using custom software. CC/mass 
spectrometry (GC/MS) was used as necessary to confirm that the correct name was 
assigned to each RRI. 

The Ames mutagenicity of the heavy tar trap samples was measured using the 
Ames assay (Salmonella TA98 strain with S-9 activation) [51. All process conditions and 
chemical and toxicological data were entered into a mainframe computer, where the 
data were analyzed with great ease and flexibility by applying statistical analysis 
routines (CMS/SAS). 
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RESULTS AND DISCUSSION 

The chemical composition of the combined oil/tar samples (Fig. l), varied 
considerably, but the samples consisted mainly of aromatic compounds of one to four 
rings (Fig. 2). Therefore, the combined oil/tar samples were monitored routinely by RRI- 
GC for 62 chemicals, mainly one- to four-ring aromatic hydrocarbons (ranging from 
benzene to chrysene), and certain phenols and naphthols, acetophenone. indole, 
benzothiophene, benzofurans, and dibenzofuran. 

In general, the most important of the process variables affecting chemical 
composition and mutagenicity w a s  temperature. As seen in Fig. 1, the 1000°C-run 
samples were simpler mixtures in which phenols were absent and the level of alkylation 
was  m u c h  reduced (Fig. 3). The amount of chromatographable material in these samples 
was very high. The mutagenicity of the heavy tar trap samples from the 1000°C runs 
was moderate (Fig. 4). Because the 600°C-run mixtures were much more complex, an 
additional 44 chemicals were monitored for several of these samples. The amount of 
phenols was high, and more polar and higher molecular weight materials were present, 
making the amount of nonchromatographable material higher. However, the muta- 
genicity associated with the 600°C-run heavy tar trap samples was very low. The 800°C- 
run combined oil/tar samples had both of the above characteristics -- a clearly higher 
degree of alkylation, intermediate chromatographability, and high mutagenicity (Fig. 4). 

CONCLUSIONS 

The results of this study suggest that changes in coal devolatilization conditions 
can significantly alter the chemical composition and toxicological properties of by- 
product oils and tars. The results also emphasize the importance of computer-assisted 
chromatographic analysis and data handling. Further, information of this kind is very 
useful in helping managers and engineers to design and build energy efficient and 
environmentally acceptable coal-conversion facilities. 
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from dose response mutagenicity measurements) 
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M E  FOMTION OF HYDMTOINS I N  GASIFIER CONDENSATE HATER 

E.S. Olson, J.J. Worman, and J.W. Diehl  

U n i v e r s i t y  o f  Nor th Dakota Energy Research Center 
Box 8213, U n i v e r s i t y  S t a t i o n  

Grand Forks, Nor th Dakota 58202 

A number o f  5,5-diakyl and 5-alkylhydantoins have been detected i n  the  condensate 
water f r a n  t h e  g a s i f i c a t i o n  o f  I nd ian  Head (ND) l i g n i t e  i n  t h e  UNDERC slagging 
f i x e d  bed g a s i f i e r  ( 1  2). These cunpounds were character ized by extensive GCMS 
s tud ies ( 3 )  and q u a n f i i a i i v e l y  analyzed i n  samples o f  process water r e s u l t i n g  fran 
various sTages i n  a p i l o t  sca le g a s i f i e r  water treatment p l a n t  a t  UNDERC (4, 5). 
5,5-Dimethyl hydanto in  and 5-ethyl-5-methyl hydanto in  c o n s t i t u t e  the  major po r t i on  
o f  t h e  organic canpounds remaining i n  t h e  condensate water a f t e r  e x t r a c t i o n  w i t h  
d i i sop ropy l  e t h e r  and steam s t r i p p i n g  (2). Because o f  t h e i r  b i o l o g i c a l  a c t i v i t y ,  
they represent a po ten t i a l  hea l th  hazard i n  t h e  e f f l u e n t s  from a commercial 
g a s i f i e r .  Although hydantoins can be adsorbed on ac t i va ted  carbon ( 3 )  and 
degraded by a b a c t e r i a l  n i t r i f i c a t i o n  system (6). t h e  expense o f  removal f k n  t h e  
water j u s t i f i e s  an e f f o r t  t o  ga in  a better-understanding o f  t h e  format ion o f  
hydantoins i n  t h e  condensate water with t h e  goal o f  p r e d i c t i n g  the  extent  t o  which 
t h e  reac t i on  w i l l  occur under various condi t ions.  

The hydantoins do not  f o n  d i r e c t l y  i n  t h e  g a s i f i e r .  They were shown t o  be 
e i t h e r  absent o r  present i n  low concentrat ions i n  water samples which were 
co l l ec ted  from a s ide  stream sampler on t h e  UNDERC g a s i f i e r  and q u i c k l y  frozen. 
When t h i s  s ide  s t rean  condensed water was heated i n  a constant temperature bath a t  
4OoC, hydantoin concentrat ions increased i n  an approximately second-order 
manner. The format ion i s  be l ieved t o  proceed by t h e  Bucherer-Berg react ion,  t h e  
same r e a c t i o n  used i n  c a n m r c i a l  hydantoin synthesis, fran ammonia, carbonate, 
hydrogen cyanide and var ious ketones and aldehydes a t  a pH o f  8.5. 

A k i n e t i c  s tudy was undertaken t o  ob ta in  use fu l  r a t e  data f o r  t h i s  r e a c t i o n  
(2). Re l iab le  and reproducib le  concentrat ion data f o r  acetone and cyanide were 
impossible t o  o b t a i n  f o r  t h e  raw g a s i f i e r  condensate water because o f  t h e  presence 
of  reve rs ib le  a d d i t i o n  products o f  cyanide such as acetone cyanohydrin and 2- 
amino-2-methylpropanonitr i le as wel l  as l a r g e  amounts o f  s u l f i d e .  Thus a model 
system was inves t i ga ted  where acetone cyanohydrin was reacted w i t h  excess ammonium 
carbonate a t  concentrat ions approaching those obtained i n  the  condensate water, 
0.02OM and 0.25M, respec t i ve l y .  The r e a c t i o n  was s tud ied a t  50°, 70°, and 90°C 
us ing a c a p i l l a r y  GC (OV351 phase) f o r  t h e  ana lys i s  o f  5,5-dimethylhydantoin (DMH) 
us ing 4-methoxyphenol as t h e  i n te rna l  standard (4) .  

Linear second order  p l o t s  were o b t a i n e d f o r  t h i s  r e a c t i o n  a t  t h e  th ree  
temperatures. Table I gives t h e  ca l cu la ted  pseudo second-order r a t e  constants and 
l i n e a r  regress ion f i t .  

Table I. Pseudo Second-Order Rate Constants and Least Squares F i t  a t  Various 
Temperatures. 

50 

1 .86 

0.999 

70 90 

3.60 4.62 

0.998 0.997 
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, The in i t i a l  concentrations of acetone and cyanide were varied in order to  

determine t h e i r  effect  on the  ra te  of formation of DMH. When the  acetone 
I concentration was doubled, keeping the original cyanide, ammonia, and carbonate 

concentrations constant, the  ra te  of the reaction doubled a t  90°C. A decrease in  
cyanide concentration t o  one-half of i t s  original value decreased the rate by one- 
half. Table I1 gives the  values of the  i n i t i a l  r a t e s  of formation of DMH a t  90°C 
varying acetone and cyanide concentrations. 

I 
I 

Table 11. In i t ia l  Rate of DMH Formation a t  Varying Acetone and Cyanide 
Concentrations. hmonia and Carbonate Concentrations Were Held Constant a t  0.50M 

and 0.25M, Respectively. 

In i t ia l  Ra e Acetone Cyanide 
(mmles 8-Ihr-l) Concentration ( M )  Concentration ( M )  

I 

123 0.02 0.02 

I 220 0.04 0.02 

60 0.02 0.01 

I 

t 
I 

In  order to  verify tha t  the ra te  also depends on the concentrations of ammonia 
and carbonate, which were present in large excess in these experiments, the  90°C 
experiment was repeated using 0.02M acetone cyanohydrin and changing the 
concentration of ammonium carbo a t e  t o  0.20M. The expected pseudo second order 
behavior was ag in exhibited (r' = 0.998) and the  observed r a t e  constant was 2.8 
l i t e r s  mle-lhr3. for  0.8 times the concentration of ammonia 
and carbonate i s  2.9 l i t e r s  mole-phr-? 

This established tha t  the r a t e  of formation of DMH was f i r s t  order i n  a l l  of 
the  reactants as expressed by the  following equation: 

The value ex ec t  

Rate of formation of DMH = k [Acetone] [HCN] [NH3] CC02l 

This kinetic data i s  valuable i n  predicting the ra te  of formation of DMH in coal 
gasification condensate water, provided the model i s  applicable. The pH of the 
model solution and the condensate water remained constant a t  around 8.4, but t he  
e f fec ts  of small charges in pH on the r a t e  a re  not fu l ly  known. 

In the ea r l i e r  experiment with sidestream condensate water, i t  was noted t h a t  
the  concentration of acetone decreased by one-half a t  the endpoint when the 
hydantoin concentration no longer increased. This implies tha t  the limiting 
species fo r  formation of hydantoins in the  U N D E R  gas i f i e r  water i s  cyanide. The 
hydrogen cyanide peak in the GC analysis had also disappeared. When condensate 
water was analyzed from in i t i a l  runs of the Great Plains Gasification Plant which 
uses coal of the same Beulah-Zap seam as Indian Head coal,  negligible hydantoins 
and HCN were found. 

Similarly when Indian Head l i g n i t e  was used in the METC gas i f i e r ,  the 
condensate water contained negligible hydantoins and HCN. In b o t h  cases acetone 
and &butanone concentrations were significant.  

Data on actual HCN concentrations in the  raw gas and quenched gas a re  not 
available for these gasifiers.  A thorough study was reported by Anastasia on the 
HYGAS gas i f ie r  using I l l i no i s  No. 6 coal (8). Although 10% of the  nitrogen in the  
coal was converted t o  HCN,  only 1% of the  total  HCN entered the condensate 
water. Most of the  HCN (80%) remained in the gas phase (quenched gas) and the  
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r e s t  dissolved i n  t h e  o i l - t a r  phase. We expect t h a t  s i g n i f i c a n t  amounts o f  HCN 
a r e . a l s o  produced i n  t h e  g a s i f i c a t i o n  o f  l i g n i t e  and t h e  f a c t o r s  which determine 
how much o f  t h e  HCN ends up i n  the  condensate water a r e  o f  importance. 

One major f a c t o r  f o r  determining t h e  cyanide concentrat ion i n  t h e  condensate 
water  i s  how long  t h e  aqueous phase i s  i n  contact  w i t h  t h e  gas phase and o i l - t a r  
phase. D i f f u s i o n  of t h e  HCN a t  t h e  i n te r face  o f  t h e  aqueous phase with t h e  gas 
and o i l  phases and subsequent r e a c t i o n  wi th acetone and acetone imine over a long 
per iod o f  t ime  w i l l  b u i l d  up t h e  concentrat ion o f  cyanide add i t i on  products which 
r e v e r s i b l y  i n t e r c o n v t r t  and eventual l y  proceed t o  hydantoin. The residence t imes 
f o r  water i n  t h e  UNDERC spray washer (quench water system) and t a r - o i l - w a t e r  
separator a r e  several hours which can a1 low f o r  considerable d i f f u s i o n  bu i l dup  o f  
t h e  cyanide conjugates which form s i g n i f i c a n t  amounts o f  hydantoin. 
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A STUDY OF THE REDUCTION, ALKYLATION, AN0 REDUCTIVE ALKYLATION 
OF A VOLATILE BITUMINOUS COAL 

Narayani Mallya and Leon M. Stock 

Department of Chemistry, University of Chicago, Chicago, IL 60637 

INTRODUCTION 

Reduction, alkylation, and reductive alkylation have been investigated by 
several different research groups to increase the solubility of coals for struc- 
tural studies and to develop a greater understanding of the chemical factors es- 
sential for the conversion of the intractable coal molecules into soluble or l i -  
quid products (1,2). Several lines of evidence suggest that the higher ranking 
bituminous coals with 88 to 89% C(daf) are more readily converted to products 
that are soluble in common organic solvents than the lower ranking bituminous or 
subbituminous coals. The structural factors responsible for the facile reduc- 
tion reactions of the higher ranking coals have not, as yet, been established. 
Accordingly, we have undertaken astudy of the relative effectiveness of reduc- 
tion, alkylation, reductive alkylation and other reactions for the conversion of 
a vitrinite-rich, low volatile bituminous coal from the lower Kittanning seam in 
Pennsylvania--PSOC 1197--to soluble products and compared the results obtained 
in this work with the results obtained in previous studies of lower ranking 
coals. 

EXPERIMENTAL PART 

The coal sample was obtained from the Pennsylvania State University Sample 
Bank. The sample was ground to -325 mesh and then dried in vacuum at 60°C to 
constant weight. 

g) was suspended in liquid ammonia (200 mi) with 64 mmoles of potassium; E) the 
coal (1 g) was suspended in liquid ammonia (200 ml) with 110 mmoles of potassium; 
C) the coal (1 g) was suspended in liquid ammonia (200 ml) with 68 mmoles of 
potassium and 68 mmoles of 2-methyl-2-butanol. All the reactions were carried 
out at -78°C for 6 hours. Ammonium chloride was added to the reaction mixture 
to destroy any residual potassium and, thereby, interrupt the reaction. The 
ammonia was then evaporated and dilute aqueous hydrochloric acid was added to 
the residue. 
and dried in a vacuum oven at 60°C. 

Reduction.--The coal was reduced in three different ways: A) the coal (1 

The mixture was filtered and the solid coal product was collected 

Alkylation.--The sample of PSOC-1197 was also alkylated in three different 
ways. Reductive butylation was carried out as described in a previous publi- 
cation from this laboratory (3). About 60 mmoles of potassium and 80 mmoles of 
butyl iodide were used in the reaction. Non-reductive butylation was conducted 
using sodium amide in ammonia at -78°C as described by Ignasiak and coworkers 
(4). In this reaction, the coal (1 g) was treated with sodium amide (15 mmoles) 
for 6 hours. 1-Butyl iodide (15 mmoles) in benzene (50 ml) was then added to the 
reaction mixture which was stirred for 48 hours. The reaction was terminated by 
the addition of dilute, aqueous hydrochloric acid. The acidified coal product 
was collected and dried in vacuum at 6OOC. The conventional alkylation reaction 
was carried out as described by Liotta and his coworkers (5). The coal (1 g) was 
stirred with 22% tetrabutylammonium hydroxide (30 ml) for 3 hours. 1-Butyl io- 
dide (15 mmoles) in tetrahydrofuran (50 ml) was added and the suspension was 
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stirred for 2 days. 
hydrochloric acid. The product was then collected by filtration, washed with 
water, and dried in vacuum at 60°C. 

Measurements.--The solubilities of the coals and the freshly prepared reac- 
tion products in pyridine and tetrahydrofuran were determined by Soxhlet extrac- 
tion. Elemental analyses were obtained by the Huffmann Laboratories and by the 
Illinois State Geological Survey. The solid state carbon NMR spectra (CP/MAS) 
were measured at the National Science Foundation Regional Center at Colorado 
State University using a JEOL FX 60Q system. 
reaction products were determined using the procedures described by Schafer (6) 
and Mallya and Zingaro (7) .  

RESULTS AND DISCUSSION 

The reaction mixture was acidified by the addition of dilute 

The acidities of the coals and the 

The results obtained in this investigation of the reduction, alkylation, 
and reductive alkylation of a low volatile, bituminous coal with 88% C(daf) are 
summarized in Tables 1, 2, and 3. The original coal is only modestly soluble in 
tetrahydrofuran and in pyridine. However, the reduction reactions of this coal 
with potassium in liquid ammonia, reactions 1 and 2 in the Tables, proceed 
readily to yield substances that are much more soluble in the organic solvents 
than the original coal. The facility with which this coal is reduced is remark- 
able, but not unexpected in view of the results obtained by Given, Wender, and 
their associates in studies of the reduction of similar high ranking coals under 
more vigorous conditions, for example with lithium in ethylene diamine (2) .  In 
contrast, Illinois No. 6 coal is neither reduced nor rendered soluble to a signi- 
ficant degree by reduction in liquid ammonia (1,3). 

provides a much more soluble product than the reaction with 64 mmoles potas- 
sium/g coal. The reducing agent was not consumed in these reactions. The mic- 
roanalytical data suggest that about 10 hydrogen atoms/100C are added to the 
coal in the reaction with 64 mmoles potassium/g coal and that about 12 hydrogen 
atoms/100C are added in the reaction with 110 mmoles potassium/g. While it is 
well known that the microanalytical determinations of the hydrogen content of 
Coals and coal products are subject to relatively large errors, we have no rea- 
son to doubt the reliability of the data presented in Table 2. Thus, it seems 
quite pertinent that the difference in the degree of reduction of the two sam- 
ples is very modest compared to the change in solubility from 25 to 78% in te- 
trahydrofuran and from 39 to 92% in pyridine. These two reaction products also 
have virtually identical acid contents, Table 3. Thus, ether cleavage reactions 
do not appear to be responsible for the much greater solubility of the reaction 
product obtained with the greater concentration of the reducing agent. The ob- 
servations are compatible with the idea that additional carbon-carbon bond 
cleavage reactions occur when the concentration of the reducing agent is in- 
creased. Metals in ammonia both reduce and fragment hydrocarbons such as the 
tetraarylalkanes as illustrated in equation 1) (1,8). Accordingly, we postulate 
that the higher concentration of reductant leads to a greater steady state con- 
centration of aromatic anions with the result that a somewhat greater fraction 
of these reactive intermediates undergo carbon-carbon bond cleavage reactions 
during the reaction interval to produce more soluble, lower molecular weight 
products. Only a few additional cleavage reactions are required to account for 
the observations. 

The reduction o f  the Lower Kittanning coal with 110 mmoles potassium/g coal 
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Ar2CHCHAr2 - [Ar2CHCHAr2]- - Ar2CH- + Ar2CH. 

The reduction of the Lower Kittanning coal with potassium and 2-methyl-2- 
butanol in liquid ammonia at low temperature provides an even more soluble pro- 
duct, Table 1 ,  reaction 3. As in the previous case, this reaction is ineffec- 
tive for the reduction or solubilization of Illinois No. 6 coal (1). The mi- 
croanalytical data imply that about 14 hydrogen atoms/100C have been incorpo- 
rated into the structure of the low volatile bituminous coal. The f(A) values 
determined at the National Science Foundation Center at Colorado State Univer- 
sity, for the reduction product, f(A) = 0.69, and the coal, f(A) = 0.82, imply 
that 21 hydrogen atoms/100C have been added to the coal. 
aromaticity strongly suggests that the aromatic anions and carbanions formed 
in the initial reduction reactions of this coal are efficiently trapped by the 
proton donor and converted to alkylarornatic compounds, dihydroaromatic com- 
pounds, and similar kinds of materials. 
duct is formed in this reaction in which the aromatic anions of unstable com- 
pounds are rapidly protonated by the alcohol implies that reduction is as impor- 
tant as carbon-carbon bond cleavage in the solubilization of this coal as i l -  
lustrated in equation 2) 

The large change in 

The fact that a much more soluble pro- 

The lower Kittanning coal contains 3.3 oxygen atoms/lOOC. Consequently, we 
also investigated the role of ether cleavage reactions in its reduction reac- 
tions. The original coal contains about 0.5 meq/g of acidic hydroxyl groups; 
hence there is 0.6 reactive hydroxyl group per 100 carbon atoms. Within the 
limits of the experimental error, the acidic hydroxyl group content of the 
reduction products is the same as that of the original coal. To examine this 
issue in another way, we alkylated the product of the reduction reaction with 
carbon-I3 labeled methyl iodide and recorded the NMR spectrum of the products. 
No resonance signals were observed for 0-methylation derivatives between 50 and 
63 ppm. Thus, there are few acidic hydroxy groups in the coal product and ether 
cleavage reactions do not contribute in an important way to the solubilization 
of this high rank coal during reduction reactions in liquid ammonia. These re- 
sults are compatible with the idea that the coal contains heterocyclic ethers 
such as dibenzofuran. Compounds of this type are reported to undergo reduction 
rather than carbon-oxygen bond cleavage when treated with metals in liquid ammo- 
nia (9). 

The lower Kittanning coal was alkylated in two ways. First, the reaction 
was carried out with a relatively mi Id base, tetrabutylammonium hydroxide, and 
1-butyl iodide in aqueous tetrahydrofuran as described by Liotta and his cowor- 
kers (5). This reaction was ineffective for the solubilization of the coal 
which has less than one acidic hydroxyl group per 100 carbon atoms. 
cond attempt to alkylate this coal, the reaction was carried out with sodium 
amide in liquid ammonia using 1-butyl iodide using a modification of the proce- 
dure developed by Ignasiak and his coworkers (4) .  
that was 69% soluble in tetrahydrofuran and 83% soluble in pyridine. 
contrasts sharply with the findings obtained previously for the Illinois No. 6 

In a se- 

This method provided a product 
The result 
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coal which was not solubilized by this technique (1). 
and the carbon NMR spectrum of the product obtained in a non-reductive alkylation 
with carbon-13 enriched methyl iodide are incompatible with a high degree of 
alkylation of the coal. These observations, therefore, imply that base-catalyzed 
carbon-carbon bond cleavage reactions, equation 3)  are more important for the so- 
lubilization of this coal than the alkylation reactions of the carbanions formed 
during the react ion. 

The microanalytical data 

, Reductive alkylation of lower Kittanning coal with potassium and 1-butyl 
iodide provides virtually complete conversion of the material into soluble 
products. The exact weight gain could not be measured because it was not 
possible to remove the organic contaminants, for example residual 1-butyl 

. iodide, without also dissolving the reductively butylated coal. 
analytical data imply that more than six butyl groups/lOOC have been in- 
corporated into the structure. The degree of solubilization of this coal is 
significantly greater than the degree of solubilization of the Illinois No. 6 
coal realized in the same reaction. The carbon-13 NMR spectrum of the reduc- 
tive methylation product obtained in the reaction with carbon-13 enriched 
methyl iodide exhibits an intense band in the C-methyl region from 15 to 40 
ppm, but only very weak, almost imperceptible resonances in the 0-methyl re- 
gion between 55 and 65 ppm. Thus, as in the other reduction reactions of this 
coal, 0-alkylation is an insignificant process. The resonances of the C- 
methyl groups added to the coal appear in three distinct regions near 22, 28, 
and 35 ppm, respectively. Unfortunately, the resonances are quite broad and 
it will be necessary to examine other C-alkylation products to assign these 
resonance signals with confidence. 

CONCLUSION 

The micro- 

Generally, coals are regarded as insoluble, intractable substances because of 
their macromolecular character, significant hydrogen bonding interactions, and the 
intermolecular interaction between unbonded aromatic molecules in different frag- 
ments of the structure. Solubilization can be realized when these interactions 
are disrupted or when the molecular weight is reduced. 
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Inasmuch as there are few acidic hydroxyl groups in the lower Kittanning 
coal, hydrogen bonding interactions do not play an important role in determining 
its behavior in solubilization. Thus, 0-butylation of the original coal results 
in only a very modest increase in solubility. Moreover, no 0-alkyl groups are 
introduced into this coal during reductive alkylation. 

molecular weight of coal molecules. Several lines of evidence indicate that ether 
cleavage reactions play an insignificant role in the reactions of the lower 
Kittanning coal. First, there is no increase in the content of acidic hydroxy 
groups after reduction. Second, there are only traces of 0-alkylation products in 
the reduced coals. Thus, carbon-carbon bond cleavage reactions are much more 
probable under the conditions of these experiments. 
of anion radicals such as the simple reaction illustrated in equation 1) occur 
during reduction and reductive alkylation. Base-catalyzed carbon-carbon bond 
cleavage reactions of hydrocarbons, as illustrated in equation 3 )  may occur in the 
presence of the strongly basic reagents during the non-reductive alkylation reac- 
tions. The available results indicate that reduction alone leads to significant 
increase in solubility and that reductive butylation using the same quantity of 
reducing agent yields an even more soluble product. Also, previous studies by 
Wachowska and her associates (10) indicate that the introduction of the large 
butyl and octyl groups has a large impact on the solubility of the higher rank 
coals. All these observations are in accord with the suggestion originally made 
by Wender and his associates that the introduction of hydrogen atoms into coals 
with significant aromatic character resulted in a disruption of the structure and 
a reduction o f  the attractive forces between non-bonded aromatic structures. The 
impact of the addition of hydrogen atoms is augmented, of course, by the introduc- 
tion of large alkyl groups. Hence, reduction and alkylation when accompanied by 
the facile carbon-carbon cleavage in the highly aromatic coal structures provide 
quite soluble products. 
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Table 1. A Summary o f  the Results Obtained in the Reduction, Alkylation, and 
Reductive Alkylation o f  a Low Volatile Bituminous Coal 'from the 
Lower Kittanning Seam (PSOC 1197). 

Sample 
Origin 

~ 

Result 

Weight - Extractabi 1 ity (%, daf )a- 
Gain (%)  Tetrahydrofuran Pyridine 

Original coal 

1. Reduction, K(64 mmoles/g), 3 
NH3, -78"C, 6 hrs 

2. Reduction, K(110 mmoles/g), 2 
NH3, -78"C, 6 hrs 

3. Reduction, K(68 mmoles/g), 5 
t-C4HgOH, NH3,-780C, 6 hrs 

4. Alkylation, N(C4Hg)40H, C4HgI 1 
(13 mmoles/g), THF, Ambient 
T, 48 hrs 

5. Alkylation, NaNH2, C4HgI (13 2 
mmoles/g), NH3, -78OC, 6 hrs 

6. Reductive alkylation, K(60 

mmoles/g), NH3, 6 hrs, -7B"C, 
C4HgI (BO mmoles/g), THF 
Ambient T, 48 hrs 

4 6 

25 39 

78 92 

94 96 

16 10 

69 83 

98 93 

aThe precision realized in replicate experiments is about i 2%. 
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Table 2. Microanalytical Data for the Lower Kittanning Coal (PSOC 1197) and 
Its Reaction Products 

Samp 1 e 
Origin 

Analytical Data (%, daf) 

C H N AshC 

Original coala 87.4 4.8 1.4 11.3 

Reduction, reaction l a  84.9 5.2 1.5 10.3 

Reduction, reaction 2a 82.9 5.1 1.6 10.3 

86.4 5.5 b Reduction, reaction 3 

Alkylation, .reaction 4a 88.1 4.8 

Alkylation, reaction 5a 88.9 4.8 

Reductive alkylation, 82.5 8.0 

reaction 6a 

.1 10.8 

.7 13.7 

.8 10.3 

.6 5.7 

aThe analysis was performed by Or. C. Chaven, Illinois Geological Survey. 

bThe analysis was performed by Huffmann Laboratories, Wheatridge, Colorado. 

'The analysis was performed in this laboratory. 

Table 3. Aromaticity and Acid Group Concentration in the Lower Kittanning Coal 
(PSOC 1197) and Its Reduction Products. 

- Acidity (meq/g, daf) - 
Total Carboxylic Acid f(AIa 

Sample 

~ 

Original coal 0.40 <0.01 
b 

b 
Reduction, reaction 1 0.36 

Reduction, reaction 2 0.54 

Reduction, reaction 3 0.50 4.01 

0.82 

0.76 

0.69 

aThe fraction of aromatic carbon content, f(A) = [(C-C(Aliphatic)/Cl where 
C = Area of All Carbon Resonance Signals and C(A1iphatic) = Area of the Aliphatic 
Carbon Resonance Signal, was determined using CP/MAS NMR spectroscopy. 

bThe carboxylic acid content was not determined. 
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CATALYTIC HYDZOODENITROGENATION OF AN SKC-I1 COAL LICUID. 
EFFECT OF HYDROGEd SULFIDE 

A l b e r t  S .  Hirschon,  Robert  B. Wilson, and Kichard El. Laine* 

SRI I n t e r n a t i o n a l  
333 Kavenswood hvenue 
Nenlo Park ,  CA 94025 

The f i r s t  s t e p  i n  c o a l  l i q u e f a c t i o n  y i e l d s  c o a l  l i q u i d s  which a r e  h igh  i n  
n i t r o g e n ,  s u l f u r ,  and oxygen. These h e t e r o a t o m  must be removed before  t h e s e  c o a l  
l i q u i d s  can be t ransformed i n t o  s y n f u e l s  or pet rochemica l  s u b s t i t u t e s .  However, the 
c a t a l y t i c  removal of n i t r o g e n  (Hi)N) and oxygen (HDO) consumes e x c e s s i v e  amounts of 
hydrogen. This  e x c e s s  hydrogen is consuned i n  t h e  hydrogenat ion of a ronia t ics .  I f  i t  
were p o s s i b l e  t o  remove t h e  n i t r o g e n  and oxygen f r o u  c o a l  l i q u i d s  with a m i n i m u m  of 
hydrogen and a t  lower t e m p e r a t u r e s  than c u r r e n t l y  used, coa l  could becone a n  
economicai ly  v i a b l e  energy  source .  

Norkers have shown t h a t  iIDN c a t a l y s i s  of model s y s t e m  undergoes s i g n i f i c a n t  r a t e  
enhancement i n  t h e  presence  of H2S (1-5), and sone enhancement i n  t h e  presence  of H20 
(6,7). Other  workers  ( 8 , 9 )  have shown t h a t  tne a c i d i t y  of the  suppor t  is  important  i n  
t h e  enhancement of HD:I a c t i v i t y .  

We have r e c e n t l y  sugges ted ,  based on m e c h a n i s t i c  s t u d i e s  of 'XDN of n i t r o g e n  
he terocycles  t h a t  n u c l e o p h i l e s  such a s  H2S,  H 2 0 ,  and perhaps NH3 can enhance c a t a l y s i s  
by prouot ing  h e t e r o c y c l i c  r i n g  opening v i a  n u c l e o p h i l i c  a t t a c k  on the  metal-complexed 
he terocycle  (10).  W e  have a l s o  seen  i n  our work t h a t  t h e  a d d i t i o n  of a c i d s  a i d s  i n  
t h e  hydrogenat ion of n i t r o g e n  c o n t a i n i n g  h e t e r o c y c l e s  (11).  Thus i t  may be p o s s i b l e  
t o  i n c r e a s e  the  r a t e  of hydrogenat ion  of h e t e r o c y c l e s  w h i l e  not e f f e c t i n g  t h e  r a t e  of 
hydrogenat ion of o t h e r  a romat ics .  

The o b j e c t i v e  of t h i s  work is t o  deve lop  a n  unders tanding  of how n u c l e o p h i l e s  
such as H2S, SH-, and S=, ti 0 ,  NH3, and added a c i d s  e f f e c t  t h e  liDN process  of c o a l  
l i q u i d s  under c a t a l y s i s  c o n s i t i o n s .  
t h e  a d d i t i o n  of H2S or added a c i d s  t o  a n  SRC-I1  c o a l  l i q u i d  enhances t h e  removal of 
n i t r o g e n  under s t a n d a r d  HDIi c o n d i t i o n s .  

Experimental  Procedures  and P l a t e r i a l s  

From t h e  resul ts  of our work we have found t h a t  

SP.C-I1 middle  d i s t i l l a t e  was obta ined  from the  P i t t s b u r g  and Midway Mining Co. 
SKC p i l o t  p l a n t  a t  F o r t  Lewis, Washington. The cobalt-molybdenun c a t a l y s t ,  HT-400 
( 3  
Hydrogen s u l f i d e  (H2Sj was obta ined  from Matheson. 
an 112S(10%)/H~ g a s  mixture  were obta ined  from L i q u i d  Carbonic .  

coo, 1 5 . 1  w t %  Moo3, on A1203) w a s  o b t a i n e d  from Karshaw Chemical Company. 
Hydrogen (Hg), n i t r o g e n  (Nz), and 

Apparatus 

Hydrogenation reacLions  were performed i n  a 3 U O m L  Autoclave Engineers  (hE) 
Magnearive s t i r r e d  r e a c t o r ,  hea ted  wi th  a 1VOO-W e l e c t r i c  furnace  (AE). The tempera- 
t u r e  was c o n t r o l l e d  w i t h  a model CP t e n p e r a t u r e  c o n t r o l l e r  (E) .  The a u t o c l a v e  was 
connected through a sample gas  vent  t o  a C a r l e  S e r i e s  S gas  chromatograph (GC) adapted 
by Car le  t o  ana lyze  C1-cj , 'dz, 02. N2, and HzS. 

A n a l y t i c a l  Procedures  

Nuclear magnet ic  resonance (NMK) s p e c t r a  were o b t a i n e d  on a JEOL FX 90Q-spectro-  
meter .  
Parts Of CDC13. 
Samples were made 0.025 t.1 i n  Cr(Achc)3. 

MW samples  were prepared  by n i x i n g  one p a r t  by weight  of c o a l  l i q u i d  with two 
The c o n d i t i o n s  f o r  o b t a i n i n g  t h e  I3C 1MR Spect ra  were as f o l ~ o w s .  

The p u l s e  wid th  Was 6 ps and p u l s e  d e l a y  



4 
15 S .  

chosen f o r  q u a n t i t a t i v e  1 3 C  a n a l y s e s .  
The NNE o p t i o n  (he te rodecoupl ing  wi th  no Nuclear  Overhauser  enhancement) was 

The i n f r a r e d  (IR) s p e c t r a  were o b t a i n e d  on a Perkin-Elmer 281 spec t rophoto-  
meter. Elemental  a n a l y s e s  were obta ined  from G a l b r a i t h  L a b o r a t o r i e s .  (Ni t rogen  was 
determined by t h e  K j e l d a h l  method). 

C a t a l y s t  P r e p a r a t i o n  

The HT-400 cobalt-molybdenum c a t a l y s t  was ground and s ieved  t o  o b t a i n  a 60- t o  
200- mesh powder. 
(10%) i n  H2 f o r  24 h ,  then  s t o r e d  in a Vacuum Atmospheres Dri-box under N 2 .  
t h e  c a t a l y s t  was s u l f i d e d ,  i t  w a s  hea ted  f o r  2 h a t  40OoC under f lowing s y n t h e t i c  a i r ,  
p r e t r e a t e d  wi th  H Z ~ / ~ 2  n i x t u r e  f o r  1 h at room tempera ture ,  then  s lowly hea ted  to 
400°C over  a 2-h per iod) .  Anal.: Mo, 7.8%; S ,  7.75%. 

The c a t a l y s t  was a c t i v a t e d  a t  400°C i n  a f lowing mixture  of H2S 
(Before  

Standard Reac t ion  Procedures  

The a u t o c l a v e  was f i l l e d  under N 2  w i t h  the  d e s i r e d  q u a n t i t y  of a c t i v a t e d  c a t a l y s t  
For  

The 

and SRC-I1 l i q u i d .  The r e a c t o r  was then  charged w i t h  1200 p s i  of H2 (or HZ/H2S). 
t h o s e  r e a c t i o n s  us ing  H2S o n l y  or vhen NH3 was added, the  fo l lowing  procedure  was 
used: A t a r e d  20-mL m i n i r e a c t o r  was f i l l e d  w i t h  H2S or NU3 t o  t h e  d e s i r e d  weight .  
m i n i r e a c t o r  was then connected t o  the  300-mL a u t o c l a v e  and t h e  system was purged wi th  

N ~ .  
autoc lave .  

The 300-mL r e a c t o r  was cooled wi th  dry i c e .  and t h e  gas  w a s  condensed i n t o  t h e  

The system was heated t o  400°C and maintained a t  400°C f o r  1 h ,  at  which t ime t h e  
h e a t i n g  furnace  was removed. When t h e  r e a c t o r  had cooled t o  room tempera ture ,  GC 
a n a l y s e s  were performed on t h e  product  gases .  The l i q u i d  products  were removed and 
f i l t e r e d  t o  remove the  c a t a l y s t .  Dupl ica te  runs were made a t  e i t h e r  end of t h e  con- 
c e n t r a t i o n  range (analyzed n i t r o g e n  c o n t e n t  d e v i a t e s  no more than  0.02% i n  t h e  
d u p l i c a t e  runs). 

R e s u l t s  and Discuss ion  

Treatment  of SRC-I1 w i t h  Hydrogen S u l f i d e  (wi thout  c a t a l y s t )  

The d a t a  from the  r e a c t i o n s  Of HzS or HzS/H w i t h  t h e  SRC-I1 l i q u i d  a r e  shown i n  

The e v o l u t i o n  of 
T a b l e  1. When t h e  SRC-I1 was t r e a t e d  w i t h  H2S a i o n e ,  we observed some e v o l u t i o n  of 
gases  (1.96 mnol gas /g  c o a l  l i q u i d )  due to  H2, e t h a n e ,  and propane. 
gases  a f f e c t s  t h e  q u a l i t y  of t h e  remaining c o a l  l i q u i d s .  As determined by NMR, t h e  
f r a c t i o n  of a l i p h a t i c  hydrogen and carbon decreased  from 0.66 t o  0.60 and 0.32 t o  
0.30, r e s p e c t i v e l y ,  and t h e  H/C r a t i o  decreased  from 1.20 t o  1.15 from the  o r i g i n a l  
SRC-I1 l i q u i d .  
r e s u l t e d  i n  e s s e n t i a l l y  no change i n  hydrogen c o n t e n t  from the o r i g i n a l .  The I R  
s p e c t r a  of t h e s e  r e a c t i o n  products  are s i m i l a r  t o  t h a t  of t h e  o r i g i n a l  l i q u i d  and show 
no a b s o r p t i o n s  i n  t h e  r e g i o n  of 2550 t o  2600 cm-l where we expected t o  see  SH 
s t r e t c h e s .  
showed an i n c r e a s e  i n  s u l f u r  c o n t e n t  from 0.30% t o  0.54 and 0 . 4 X  r e s p e c t i v e l y .  These 
r e s u l t s  a r e  i n  accord w i t h  what might be expected based on S t e n b e r g ' s  work a t  h i g h e r  
tempera tures  (12) (45OoC v s  400°C used h e r e ) .  

I n  c o n t r a s t ,  t h e  t rea tment  of t h e  c o a l  l i q u i d  w i t h  t h e  H2S/U2 m i x t u r e  

Elemental  a n a l y s e s  of t h e  products  from t h e  HZS and H2S/H2 r e a c t i o n s  

Treatment  of SRC-I1 wi th  S u l f i d e d  C a t a l y s t  

I n  experiments  3 th rough 9 we t r e a t e d  50 g of t h e  c o a l  l i q u i d  u s i n g  a 1% concen- 
t r a t i o n  of s u l f i d e d  c a t a l y s t .  As seen  from Table  1 t h e  a d d i t i o n  of n u c l e o p h i l e s  such  
a s  HzS, HS-, S5, H20, or N H 3 ,  or added a c i d s  such as t r i f l u o r o a c e t i c  a c i d  (TFA), do 
not have a dramat ic  e f f e c t  of t h e  hydrogen uptake  (by H/C r a t i o )  or on t h e  a l i p h a t i c  
t o  a romat ic  r a t i o s  (by NEa) nor were t h e r e  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  I R  spectra of 
t h e  products  from t h e  r u n s .  However, as seen  from t h e  e l e m e n t a l  a n a l y s e s  of t h e s e  
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produc t s ,  t h e  n i t r o g e n  con ten t  of 0.74% (exp  3 )  i n  t h e  b a s e l i n e  run wi th  H2 decreased  
t o  0.56% (exp  4 )  i n  t h e  H2S/H2 run ,  and dec reased  t o  0.42% (exp  9) i n  t h e  TFA/Hz run -  
F igu re  1 shows t h a t  as t h e  H2S o r  TFA c o n c e n t r a t i o n  i n c r e a s e s ,  t he  n i t r o g e n  
c o n c e n t r a t i o n  of the  r e s u l t a n t  hydro t r ea t ed  product  dec reases .  The a d d i t i o n  of S= as 
Na2S (exp  7 )  o r  the  a d d i t i o n  of H20 (exp  5 )  t o  t h e  s t a n d a r d  r e a c t i o n  r e s u l t e d  i n  no 
enhancement over  t h a t  of exp  3. 
r e a c t i o n  (exp  6 ) ,  whereas  the  combination of NH3 and H2S r e s u l t e d  i n  only  a s l i g h t  
i n h i b i t i o n  of t h e  HDN r e a c t i o n  (exp  8). 

The a d d i t i o n  of NH3 seemed t o  i n h i b i t  t h e  HDN 

Tab le  1. Reac t ions  wi th  1% S u l f i d e d  C a t a l y s t  at  400°C f o r  1 h 
w i t h  1200 ps i& of H2 (o r  H2S/H2) 

Experiment a A d d i t i v e  (mole w t X ) b  

SRC-I1 
1c.d 

3 
4 
5 
6 
7 
8 
9 

2d 

-- 
H2S (0.27) 
H2s (0.084) 

H2S (0.084) 
H20 (0.14) 
NH3 (0.084) 

-- 

Na2S (0.084) 
N B ~ H S  (0.084) 
TFA (0.054) 

X N  %S H / C  %Halip 
__.- - -  

0.98 0.39 1.20 66 
1.00 0.54 1.16 G O  
0.92 0.43 1 .21  67 
0.74 0.04 1 .23  71  
0.56 0.12 1 .23  72 
0.75 -- 1.27 72 
0.99 0.03 1.24 72 
0.72 0.18 1.20 73 
0.87 0.15 1 .23  73 
0.42 0 .1s  1.22 70 

“a l iph  

32 
30 
33 
38 
40 
30 
37 
38 
39 
37 

aDup l i ca t e  runs .  
bMoles of a d d i t i v e  per  50  g of c o a l  l i q u i d .  
CNo hydrogen used. 
dNo c a t a l y s t  used. 

Conclus ions  

The a d d i t i o n  of f r e e  H2S under c o a l  l i q u i d  upgrading  cond i t ions  a i d s  i n  the  HDN 
p rocess .  These r e s u l L s  v a l i d a t e  the  HDN node l ing  s t u d i e s  of Bhinde e t  a l .  (1)  and  
t h o s e  of S a t t e r f i e l d  (2-5) and a r e  i n  acco rd  w i t h  OUT p r e d i c t i o n s  (10). Fur ther -  
more, i n  c o n t r a s t  t o  the  runs without  c a t a l y s t ,  t he  a d d i t i o n  of H s wi th  C a t a l y s t  
l e a d s  t o  t h e  product t h a t  has a reduced s u l f u r  c o n t e n t .  
TFA a i d s  i n  the  tDX p r o c e s s .  Althoubh the  H3N enhancement r e s u l t i n g  f r o n  t h e  
a d d i t i o n  of  TFA i s  most l i k e l y  due t o  i ts  a c i d i c  p r o p e r t i e s ,  s i n c e  i t  decomposes 
d u r i n g  t h e  HDN r e a c t i o n  it i s  d i f f i c u l t  t o  de te rmine  a t  what s t e p  i n  the  HDN p rocess  
t h e  a c c e l e r a t i o n  occur s .  However our p re l imina ry  r e s u l t s  a r e  encouraging  and wi th  
f u r t h e r  expe r imen ta t ion  w e  may be a b l e  t o  make s u b s t a n t i a l  Improvement In  the  tlDN 
p r o c e s s  which w i l l  r e s u l t  i n  cons ide rab le  c o s t  b e n e f i t .  
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INTERACTIVE EFFECTS IN NITROGEN COMPOUND INDUCED STORAGE 
INSTABILITY IN SHALE DERIVED DIESEL FUEL 

John V. Cooney,* Erna J. Beal and Bruce D. Beaver1 

Combustion and Fuels Branch, Code 6180 
Naval Research Laboratory, Washington, D. C. 20375-5000 

INTRODUCTION 

The autoxidation of middle distillate fuels during periods of storage has been a 
continuing problem in the utilization of these liquids by the government and 
cormnercially. With diesel fuels, instability is commonly defined by the formation of 
sediments, gums, color bodies and by the accumulation of hydroperoxides. Gravimetric 
accelerated storage stability tests conducted with model compounds as dopants in 
otherwise stable distillate fuels have demonstrated that oxidative condensation 
reactions of polar heterocycles are often deleterious to In 
particular, nitrogen containing aromatics (pyrroles, pyridines, indoles, etc.) appear 
to be very harmful. Correlation of model dopant studies with results obtained with 
actual unstable fuels has indicated that the autoxidation processes are usually not 
isolated reactions but are sensitive to the presence of other fuel constituents (11, 
13). Certain oxygen and sulfur compounds have been found to markedly alter the 
extent of model nitrogen compound induced storage instability in both middle 
distillate and model fuels (3, 4 ,  6 ,  16-18). Little is known about the chemical 
mechanisms of such interactive effects in fuel instability, and possible explanations 
include acidlbase catalysis of oxidation and condensation pathvays as well as 
involvement in radical chain processes. Interactions between different types of 
nitrogen compounds have also been studied to a limited extent (6, 10). and may 
similarly be of great importance in actual complex fuels. 

As part of an effort to learn more about potential interactive effects, we have 
examined the autoxidation of two model nitrogen compounds, 2,5-dimethylpyrrole (DMP) 
and 3-methylindole (3-MI), in a shale diesel fuel in the presence of  a second model 
dopant (t-butylhydroperoxide, an organic acid, or  an organic base). The decision to 
examine DMP and 3-MI as nitrogen compound dopants vas based upon a body of earlier 
work vhich analyzed the autoxidation behavior of these compounds (in the absence of 
other externally added active species) in the identical shale base fuel and under 
identical storage stability test conditions (10-12, 14 ,  15). 

stability (2-15). 

EXPERIMENTAL 

Storaae Test Techniques 

The accelerated storage stability test method used has been described in detail 
(10-12). 
filtration through glass fiber filter paper by iodometric titration (ASTM D-1583-60). 

Instrumental Methods 

Hydroperoxide values were determined in stressed fuel samples following 

I Infrared spectra vere obtained as KBr pellets on a Perkin-Elmer Model 681 
instrument with a Model 3600 data station (PECDS software). 
spectra were obtained in dg-pyridine or deuterated chloroform with a Varian EM-390 
90 MHz instrument. 
1106 elemental analyzer. Routine GC separations were made on either a Varian Model 
3700 or a Perkin-Elmer Model 3920B gas chromatograph equipped with fused silica 
capillary columns (OV-101, 50 m x 0.3 mm) and FID detection. 

Solution proton nmr 

Elemental analyses were accomplished with a Carlo Erba Model 
I 

i 
1 
i 
, 

4 
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Reagents 

The base fuel for the present study was diesel fuel refined from Paraho crude 
shale oil by SOHIO. 
and is well-characterized (10). 
contained 24 mgll of 2,4-dimethyl-6-t-butylphenol (AO-30) as the only additive 
(designated at NRL as fuel sample "E-11"). The D-11 fuel contained 15 ppm N (w/v) 
and exhibited good storage stability (10). All compounds used as dopants were pure 
by nmr, capillary GC, and/or mp. 
atmosphere to prevent autoxidation and it remained colorless under this storage. 
concentration matrices f o r  the interactive experiments were prepared so that effects 
of concentration (of both the DMP or 3-MI and the co-dopant) and of venting of test 
flasks could be assessed. In instances where the co-dopant was appreciably soluble 
in the D-11, two concentration levels were used (9.64 x 10-3M and 3.21 x lo-%), 
which correspond to equivalent nitrogen compound (DMP or 3-MI) concentration levels 
of 135 and 450 ppm N (w/v). The construction of a 2 x 2 test matrix with both 
dopants then involved duplicate test flasks at each possible pairing, with additional 
flasks providing baseline "blank" values for D-ll doped with just the nitrogen 
compound, just the co-dopant, and the undoped D-11 fuel. In casea where the 
co-dopant exhibited only limited solubility in the D-11 fuel, a saturated solution 
was employed. 

This fuel was produced in the U.S. Navy's Shale-I1 demonstration 
A quantity of this fuel was available which 

Fresh DMP was stored frozen under a nitrogen 
The 

RESULTS AND DISCUSSION 

Autoxidation of DMP and 3-MI in the Presence of t-Butylhydroperoxide (TBHP) 

Previous storage stability tests employing DMP and 3-MI as dopants in a stable 
shale diesel fuel base indicated that while both compounds deteriorated the quality 
of the fuel, the nature of their instability processes differed substantially (11, 
14). The results obtained with DMP and 3-MI are compared below: 

Table 1 
Comparison of DMP and 3-MI Induced Storage Instability 

Property 

Induction Period: 
Peroxide Level After Stress 
(Relative to Fuels Blanks): 

Effect of Venting: 
Effect of AO-30: 
Reaction Order in Dopant: 
Formula of Dopant: 
Empirical Formula of Sediment: 

3-MI 

Yes 

slightly less (80°C) 
slightly more (43OC) 

large 
large 

? 

C15.8H1 5.  ZN02.6 
C9H9N 

DMP 

not observed 

much less (80°C) 
much less (43'C) 

minimal 
minimal 

1 .o 
C6H9N 

c6. 3H6. 7N01. 6 

Since the storage stability characteristics of these dopants had been examined 
in detail, it was considered of interest to compare both of these compounds in the 
context of interactive experiments. 
model nitrogen compound to fuel D-11 together with a hydroperoxide as co-dopant. The 
hydroperoxide selected was t-butylhydroperoxide since it is available commercially in 
high purity. 
accumulation of hydroperoxides in a complex fuel in influencing the formation of 
insolubles during stress when a particular class of nitrogen heterocycles is present. 

Accelerated storage stability tests employing DMP and TBHP as co-dopants in 
fuel D-11 were run at both 80°C ( 7  and 14 days) and 43°C (49 and 92 days). The 
gravimetric results, summarized in Table 2 ,  indicated that a definite positive 
(synergistic) interaction existed between the DMP and TBHP under all conditions 
examined. The concentration matrix which vas studied used DMP at two levels: Lo DMP 

The initial study involved the addition of a 

The goal of the experiments was to survey the importance of the 
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I TBHP addedlmoles of DMP added): Lo TBHPlLo DMP - 1.0, Lo TBHPlHi DHP 0.3, Hi 

* 135 ppm N w/v, equivalent to 9.64 x 

the relative concentration matrix which was used was therefore (expressed as moles of 

TBHP/Lo DMP = 3.3, Hi TBHP/Hi DMP = 1.0. 
appear in Table 2, and are given as peroxide numbers (ASTH D-1583-60). 

M; and Hi DNP = 450 ppm N (3.21 x 10-2M). 
The levels of TBHP used corresponded to the same molar concentration values. Thus, 

The results of hydroperoxide analyses also 

I Table 2 
Storage Stability Test Results for the DMPlTBHP Interaction 

Total Insolubles, mg/lOO ml (Peroxide Number, meq ROOH/kg fuel) 
Sample* 80°C/7d 80°C/ 14d 43"C/49d 4 3" C / 9 2 d 

Fuel Blanks 
Lo TBHP Blanks 
Hi TBHP Blanks 
Lo DMP Blanks 
Hi DNP Blanks 
Lo TBHP/Lo DMP 
Lo TBHP/Lo DMP/v 
Lo TBHP/Hi DMP 
Lo TBHP/Hi DMP/v 
Hi TBHP/Lo DMP 
Hi TBHP/Lo DMP/v 
Hi TBHPlHi DMP 
Hi TBHP/Hi DMP/v 

0.5(0.9) 
0.4( 39.5) 
0.5(80.8) 
30.2(0.2) 
89.6(0.0) 
37.9( 18.8) 
37 .O( 16.0) 
101.3( 7.5) 
101.3( 6.0) 
62.7( 63.3) 
66.1 (64.0) 
160.4(25.0) 
171 A(15.2) 

O.O( 3.0) 
0.9( 34.2) 
0.7(84.6) 
47.4(0.4) 

1 71.4(0.2) 
80.0(47.1) 
81.3( 70.4) 
183.9(12.4) 
193.9( 7.3) 
92.0(80.8) 
95.7(93.8) 
257.0(28.0) 
267.5(20.7) 

O.O(O.  3) 
0 .O( 58.9) 
O.O(l00.5) 
25.4( 0.0) 
97.3(0.0) 
33.2( 70.6) 
32.2(63.2) 
113.8(22.4) 
134.5(0.8) 
79.4( 33.4) 
72.8( 39.2) 

233.2(57.3) 
249.9( 106.0) 

0.0(1 .O) 
O.O(l7.2) 
O.O( 60.9) 
42.6(0.0) 
153.7(0.0) 
59.1 ( 12.6) 
60.5( 10.2) 
200.6(5.8) 
215.2(4.2) 
93.7(61.2) 
95.5( 116.5) 
277.8(11.2) 
325.3( 47.8) 

*The vented test flask trials are those denoted by "v". 

In all instances, the presence of TBHP significantly increased the yield of 
insolubles produced when DMP was also present. 
levels was always associated with more sediment than the corresponding Lo TBHP 
trials. 
between the ultimate hydroperoxide levels and the yields of sediment are not good, 
which is an expected result (10, 11). The peroxide number of unstressed, doped D-11 
fuel containing Lo TBHP was 20.7, and 68.9 for Hi TBHP. When DMP was not present, 
the TBHP dopant did not exert a significant destabilizing effect upon the fuel as 
measured by sediment generation. The effects of venting of test flasks were seen to  
be small and variable. Curiously, high levels of hydroperoxide were often observed 
in some Hi DMP trials after stress when TBHP had been present. 
laboratory had indicated that DMP, in the absence of externally added hydroperoxide, 
was associated with very low peroxide numbers after stress. 

interaction between 3-MI and TBHP. Interest in examining this interaction originated 
with our earlier studies of 3-MI induced fuel instability (11, 14). which showed that 
3-MI is able to promote the formation of sediment and gum, but only in the absence of 
a hindered phenol antioxidant (AO-30). 
long induction period in the autoxidation of 3-MI in our shale diesel fuels, 
suggested that a classical free radical mechanism may be involved, which should, in 
turn, be sensitive to the presence of hydroperoxide present in the fuels. 

3. These results indicate that a synergistic effect is present. Comparison of the 7 
and 14 day results at 80°C suggest that an induction period was present. 
noted that in the absence of externally added TBHP, 3-MI does not effectively promote 
sediment formation in the D-11 fuel, which contains AO-30. There is little doubt 
that the addition of TBHP rapidly overwhelmed the antioxidant, present at a level 
which was somewhat less than 24 mg/l, thereby allowing the autoxidation of 3-MI to 
proceed. 

Furthermore, the presence of Hi TBHP 

In examining the peroxide number data, it will be noted that the correlation 

Earlier work from our 

A similar experimental matrix was used in the study of the potential 

This result, coupled with the existence of a 

Storage stability test results for the 3-MI/TBHP interaction are given in Table 

It will be 

The highest amounts of total insolubles were formed in the 43°C tests. 
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Venting of the test flasks generally led to a marked increase in the amount of 
sediment which formed. 
D-11 appears to be very similar to the simple autoxidation of this model nitrogen 
compound in fuel D-1 (a fuel which is identical in all respects to fuel D-11 except 
that it does not contain antioxidant) (11). Table 3 also shows peroxide analysis 
data for one of the stress sets (43"C/91d), which clearly indicates that high levels 
of hydroperoxide were present in all of the experimental flasks. 

In these respects, the TBHP induced oxidation of 3-MI in fuel 

Table 3 
Storage Stabilitv Test Results for the 3-MIITBHP Interaction 

Total Insolubles, mgl100 ml (Peroxide Number, meq ROOH/kg fuel) 
Sample* 80°C/7d 8O"Cl 14d 43"CI 49d- 43OCI91d 

Fuel Blanks 0.0 0.1 0.2 O.O(O.8) 
Lo TBHP Blanks 0.0 0.4 0.0 O.O(l6.2) 
Hi TBHP Blanks 0.6 0.1  0.0 0.0(60.5) 
Hi 3-MI Blanks 0.2 0.8 
Lo TBHPILo 3-MI 0.7 1.1 0.3 O.O( 50.2) 
Lo TBHPILo 3-MIlv 0.4 3.9 0.5 0.0(76.6) 
Lo TBHPIHi 3-MI 1.5 11.7 2.2 53.6(46.3) 
Lo TBHPIHi 3-MIIv 2.3 12.5 70.7 129.0( 36.6) 
Hi TBHPILo 3-MI 0.7 3.8 2.5 3.7(112.5) 
Hi TBHP/Lo 3-MIIv 0.6 4.1 1.5 9.3( 159,9) 
Hi TBHPIHi 3-MI 1.7 8.7 33.0 0.7(64.2) 
Hi TBHPlHi 3-MIlv 1.9 17.2 81.2 149.5( 56.3) 

--- --- 

*The vented test flask trials are those denoted by "v". 

Analyses of the sediments obtained with both DMP and 3-MI in the course of 
these TBHP interactive experiments have indicated that they are very similar, both in 
elemental composition and spectroscopic character, to sediments obtained in the 
absence of TBHP. 
10.7% N, 60.1% C and 5.5% H; for 3-MI, a typical analysis is 5.5% N, 71.3% C and 5.6% 
H (these compare favorably with the empirical formulas in Table 1). Thus, it would 
appear that the TBHP functions as a catalyst or radical initiator rather than as a 
reactant in sediment formation. 

Autoxidation of DMP and 3-MI in the Presence of Organic Acids and Bases 

For DMP, a typical sediment obtained in the presence of TBHP is 

In an extension of our study of interactive effects in the autoxidation of DMP 
and 3-NI, ten organic acids and bases were examined as co-dopants in fuel D-11. 
work was intended to determine whether the autoxidation of the nitrogen compounds is 
subject to acid or base catalysis, or if condensation products could form in lieu of 
true catalysis. 
acid (HA), decanoic acid (DA), p-toluenesulfonic acid (p-TsOH), dodecylbenzene 
sulfonic acid (DBSA), nicotinic acid (NA), 3-pyridinesulfonic acid (3-PSA). 
tri-n-butylamine (TBA) , N,N-dimethylaniline (DMA) and 4-dimethylaminopyridine 
(1-DMAP). 
"Lo", as with TBHP); however, some of the compounds were only slightly soluble in 
D-11, so that a saturated solution was used for these (p-TsOH, NA, 3-PSA). 
Accelerated storage stability was assessed at 8OoC (14d). 

With DMP, the carboxylic acids (HOAC, HA and DA) all interacted in a 
synergistic fashion to increase the amount of sediment generated. 
data is given in Table 4 for the DNPIDA experimental set. 
sulfonic acids were more difficult to interpret. 
positive interaction with DMP when present at levels of 0.3 or 1.0 equivalent. Yet 
when all four test flasks (vented and unvented) of the Hi DBSAlLo DMP interaction 
were examined (these contain 3.33 equiv. of DBSA relative to DMP) a strong negative 

This 

Ten co-dopants were aelected for study: acetic acid (HOAC), hexanoic 

Most of  the co-dopants were examined at two concentration levels ("Hi" and 

A typical set of 
The results with the 

Thus, DBSA exhibited a very strong 
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interactive effect vas seen. 
small in magnitude and variable. 
to interact vith DMP in a positive faahion whenever it vas present. 
interaction vith other base catalysts (TBA, DHA) or lov-solubility zwitterionic 
species (NA, present at ca. 0.3 ppm N v/v, and 3-PSA, present at less than 0.2 ppm N 
v/v) did not lead to significant synergism under these test conditions. 

The interactive effects for p-TsOH vere seen to be 
A very potent base catalyst, 4-DMAP, vas observed 

By contrast, 

Table 4 

Fuel D-11 - 80°C/14 days - mg/100 ml 
Storage Stability Test Results for the DMP/DA Interaction 

Sample* Filtered Sediment Adherent Gum Total Insolubles 

Fuel Blanks 0.1 0.0 
Lo DA Blanks 0.1 0.1 
Hi DA Blanks 0.1 0.1 
Lo DMP Blanks 45.0 2.4 
Hi DMP Blanks 165.2 6.2 
Lo DA/Lo DMP 82.1 3.0 
Lo DA/Lo DMP/v 84.2 2.6 
Lo DA/Hi DMP 247.1 5.8 
Lo DAIHi DMP/v 238.8 5.3 
Hi DA/Lo DMP 78.4 2 . 3  
Hi DA/Lo DMP/v 96.2 2.6 
Hi DA/Hi DMP 264.0 5.0 
Hi DA/Hi DMP/v 279.2 5.3 

*The vented test flask trials are denoted by "v". 

0.1 
0.2 
0.2 
41.4 
171.4 
85.7 
86.8 
253.5 
244.1 
80.7 
98.8 
269.0 
284.5 

Elemental and spectroscopic analyses vere applied to the samples of DMP induced 
sediment from these interactive experiments. It vas not possible to obtain an 
elemental analysis from the sediment formed in the DMP/DBSA trials, as their 
tarrylvaxy nature precluded proper sampling technique. However, the incorporation of 
molecules of DBSA into the sediment is implied by: (a) the fact that such a 
amount of sediment (up to 1300 mg/100 ml) vas generated that the DMP alone is unable 
to account for the mass, and (b) a number of complex absorption peaks appear in the 
S-O/S-0 region of the infrared. Thus, the DBSA may serve as a reactant in addition 
to or instead of serving as a catalyst. The incorporation of sulfur into DMP-derived 
sediments has been observed by other workers when thiophenol vas used as a co-dopant 
(16-18); it has been considered possible that in situ oxidation of thiols to sulfonic 
acids may be a viable pathway (4, 6). The DMP-derived sediments produced in all nine 
other interactive experiments proved to be remarkably similar to the insoluble 
material generated by DMP without co-dopant. Thus, it would appear that the 
carboxylic acids and 4-DMAP are serving as true catalysts. 

In a similar manner, the interaction of 3-MI vith the ten acid/base co-dopants 
vas examined in D-11 fuel using 80°C-14d storage stability tests. 
carboxylic acids (HOAc, HA and DA), synergism vas noted, with the highest levels of 
insoluble material present in Hi 3-MI flasks (ca. 6-60 mg/100 ml of sediment vas 
generated, as compared vith 0.8 mg/100 ml in the flasks which contained only 3-MI). 
Venting of test flasks seemed t o  be associated with higher levels of sediment. As 
vas the case for DMP, the interactive effects of 3-MI with the sulfonic acids vere 
difficult to interpret. With p-TsOH, the interactive effect vas uniformly small and 
indeterminant. With DBSA, it vas possible to generate small quantities of sediment 
under most conditions, but only one set of conditions (Hi DBSA/Hi 3-MIlunvented) led 
to the formation of large amounts of solids (cs. 70 mg/100 ml). 
catalysis of 3-MI autoxidation vas not evident. In light of the superior catalytic 
nature of 4-DNAP, this result vas somewhat unexpected, especially in light of s 
recent suggestion that base-catalyzed oxidation of 3-MI could be significant (19). 
Nicotinic acid (NA) vas found to be catalytic in its interaction vith 3-MI, vith a 
maximum of ca. 30 mg/100 ml of sediment formed in the Hi 3-MI/vented trials (a 

large 

With the three 

' 

With 4-DMAP, base 
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saturated solution of NA was used, 0.3 ppm N w/v). 
4-DMAP, dimethylaniline (DHA) exhibited synergism with 3-MI, but the effect was 
largest when DMA was present at a "Lo" level. 
appeared to inhibit the autoxidation of 3-MI slightly. 
3-pyridinesulfonic acid ( 3-PSA) showed a very slight positive interactive effect, 
forming ca. 6 mg/100 ml of solids in the Hi 3-MI flasks. 

limited by the small amounts of materials isolated on the glass fiber filter pads. 
Elemental analyses could only be conducted on the sediments from the carboxylic acid 
interactions; these all contained ca. 5.7% N, 72.5% C and 5.8% H, and so are almost 
identical in elemental composition to 3-MI induced sediment which formed in the 
absence of the co-dopants. Spectroscopic examination of the sediments confirm that 
the heterogeneous material generated is also similar. Table 5 is a qualitative 
summary of the results obtained with DMP and 3-MI where an organic acid or base wsa 
present as a co-dopant. 

Despite the apparent failure of 

Tri-n-butylamine (TBA) actually 
The final co-dopant, 

Analysis of the sediments generated in the 3-MI interaction experiments was 

Table 5 
Summary of Relative Interactive Effects with Organic Acids and Bases 

Interactive Effect* 
Co-Dopant* DMP as Dopant 3-MI as Dopant 

HOAc tt ttv 
HA tt ttv 
DA tt tt 
p-TsOH i i 
DBSA t+ ttv 
NA i ttv 
3-PSA i t 
TBA tv .. 
DMA i t 
4-DMAP t i 

*Key to symbols: tt = strong synergism, t 5 weak synergism - = weak inhibition, i - indeterminate effect 
v sensitive to venting of test flasks 

*XRefer to the text for the identity of the abbreviations. 

CONCLUSIONS 

Hydroperoxide dissolved in a shale derived diesel fuel can interact in a strong 
synergistic fashion with polar nitrogen heterocyles to lead to the formation of 
significant amounts of  sediment and gum. 
assist in the degradation of fuel quality by interacting with alkylpyrroles and 
indoles. 

Carboxylic and sulfonic acids similarly 

Interactions with organic bases appear to be of a smaller magnitude. 
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THE EFFECT OF ACTIVATION AND PROMOTION ON A FISCHER-TROPSCH CATALYST 

H.W. Pennline, J.M. Stencel, M.F. Zarochak, S.S. Pollack, and R . R .  Anderson 

U.S. Department of Energy 
Pittsburgh Energy Technology Center 

P.O. Box 10940 
Pittsburgh, Pennsylvania 15236 

i INTRODUCTION 

Since the late 1970's, an interest in the production of gasoline and \( 

{ 
other transportation fuels from synthesis gas has been renewed. A concep- 
tual scheme for the production of gasoline from low-ratio synthesis gas is 
the two-stage method developed by Mobil [ l ] .  In this process, mixtures of 
hydrogen and carbon monoxide are reacted in a slurry bubble column con- 
taining a conventional Fischer-Tropsch catalyst in the first stage. The 
product from this step is then sent to the second-stage reactor that con- 
tains the shape-selective zeolitic catalyst ZSM-5. One of the goals of the 
indirect liquefaction research program at the Pittsburgh Energy Technology 
Center is to investigate catalyst systems in the slurry phase that are 
potential candidates for the first-stage process. These catalyst systems 
should process low ratios (0.5/1 to 1/1 of Hz/CO) of synthesis gas to 
produce a high yield of light olefins and gasoline-range hydrocarbons. 

Certain results in the literature indicate that synthesis gas conver- I 

sions with iron-manganese oxide catalysts yield a suppressed C1-fraction and 
a large Cz-C+ light-hydrocarbon fraction that deviates from that predicted 
by Schulz-Flory kinetics [2,3]. A recent three-phase study with iron- 
manganese catalysts of various compositions found that hydrogenation of 
olefins occurred along with olefin isomerization reactions [4]. The C2-Cr 
content of the hydrocarbon distribution followed Schulz-Flory kinetics and 
did not exceed the 56 weight percent maximum predicted by Schulz-Flory. 
Since these results with iron-manganese catalyst were not as good as those 
reported in the patent literature, two areas of interest -- catalyst 
activation and promotion -- were investigated with the intent of improving 
olefin selectivity and catalyst activity and stability. 

In this study, the activation and promotion of a 21Fe/79Mn catalyst 
were investigated in a slurry reactor. The effects of the process para- 
meters of temperature, pressure, and reducing gas composition on the 
activation step and on the subsequent catalyst activity and product 
selectivity were studied. Also, the alkali promotion of the iron-manganese 
catalyst with potassium carbonate was investigated. Slurry samples were 
taken at various times on stream, and the catalyst was analyzed by surface 
techniques so that the catalyst properties could be correlated with process 
results. 

EXPERIMENTAL 

The catalyst was prepared in a continuous, stirred precipitation I 

reactor similar to a unit used by Kolbel and Ralek [ 5 ] .  Nitrates of iron 
and manganese were reacted with ammonium hydroxide. Batches of the washed 

I 
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and vacuum-dried coprecipitate were crushed, sieved through a 100-mesh 
screen, and homogenized by rolling. A portion of the total batch was 
further crushed and sieved through 325 mesh (44 urn). Catalyst for all the 
tests in this study was obtained from this portion. The fresh catalyst was 
about 14 weight percent iron and 52 weight percent manganese. 

The slurry studies were conducted in a one-liter stainless steel 
stirred reactor as described elsewhere [6]. Typically, fifty-one grams of 
iron-manganese catalyst that were sieved through 325 mesh (44 w) were 
placed in the reactor with the molten medium wax to make a 13.5 weight 
percent suspension based on unreduced catalyst weight. The high-boiling 
paraffinic wax (P-22 from Fisher Scientific Company) had an average carbon 
number of 28. The reactor system was sealed, cooled, leak-tested, and 
purged with helium. At the desired activation pressure, the temperature was 
increased to the desired activation temperature under a flow of helium. 
Isothermal conditions within the reactor were established by means of a 
sliding thermocouple in a thermowell in the reactor. The impeller was 
stopped and gas flow was decreased to a small amount, at which time the 
unexpanded slurry level was lowered to 0.5 liter by using the reactor 
pressure to force the excess wax through a dipleg and filter and into a 
heated wax trap. The impeller was then restarted, and once isothermal and 
isobaric conditions were reestablished, the inert flow was stopped and the 
activation gas was introduced. Unless specified, activation usually lasted 
for twenty-four hours. At the end of this activation, the liquid level was 
again readjusted, and the system pressure and temperature were adjusted to 
200 psig and 275OC, respectively. Synthesis feed gas was introduced in 
increments over the next hour .until a weight hourly space velocity (WHSV) of 
1.21 hr-' was reached. (WHSV is defined as grams of gas per hour per gram 
of charged catalyst.) Trap drainings, flows, and gas analyses were measured 
on a twenty-four hour basis for material balance determinations. Unless 
otherwise stated, tests in this study used a 1Ht:lCO feed gas. 

The gaseous and liquid products were characterized by various 
analytical techniques. Cas exiting the reactor system was analyzed for 
hydrogen, carbon monoxide, carbon dioxide, nitrogen, and hydrocarbons up to 
Ce by gas chromatography. The liquid condensate in the trapping system was 
collected and physically separated into an aqueous fraction and an oil 
fraction. The aqueous phase was analyzed by mass spectrometry to detect 
oxygenates, and the water content was determined by the Karl Fischer reagent 
technique. The liquid hydrocarbon samples were characterized by fluorescent 
indicator adsorption (FIA) ASTM D-1319 to determine the functionality of the 
liquid oil, and by bromine number ASTM D-1159 to check the olefin content. 
Infrared studies were also performed on the oil fractions. Relative amounts 
of terminal, trans-internal, and beta-branched-terminal olefins were deter- 
mined by infrared spectral analysis. The wax fraction, which was dependent 
on the trapping system, and selected liquid oil samples for a particular 
period of time were also analyzed by gas chromatography with a capillary 
column. 

Slurry samples were withdrawn from the reactor at various times on 
stream. The wax-encapsulated iron-manganese catalysts were characterized by 
X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). A mild 
washing of the slurry-catalyst samples by sonication in toluene was 
performed before the XPS analysis. These washed samples still contained 
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s lu r ry  wax, bu t  i t  was a t  a l eve l  t h a t  permitted XPS d a t a  acqu i s i t i on  while 
simultaneously preventing oxida t ion  of t h e  c a t a l y s t  sur face .  The samples 
were then e i t h e r  spread onto  holders  or pressed i n t o  th in  wafers f o r  sub- 
sequent XPS da ta  acqu i s i t i on .  Preliminary XPS d a t a  were a l s o  obtained from 
ac t iva t ion  o f  an iron-manganese c a t a l y s t  t r e a t e d  i n  s i t u  with hydrogen in  
the  XPS. These data were acquired from wafered samples a f t e r  gaseous t r e a t -  
ment a t  p re s su res  near  1.5 atm and temperatures between 275% and 45OoC. 
Preliminary r e s u l t s  of var ious  ac t iva t ions  with iron-manganese c a t a l y s t  in  a 
thermogravimetric ana lyzer  (TGA) were a l s o  obtained. 

RESULTS AND DISCUSSION 

In a previous study with various iron-manganese c a t a l y s t s  [41, a 
standard a c t i v a t i o n  with carbon monoxide was used. With t h e  21Fe/79Mn 
ca ta lys t  used in t h i s  s tudy ,  the c a t a l y s t  was ac t iva t ed  w i t h  carbon monoxide 
as the  base-line case  a t  2.25 WHSV, 275OC, and 200 ps ig  fo r  24 hours. All 
ac t iva t ions  were conducted i n  s i t u .  Activation parameters inves t iga ted  were 
temperature (275oC versus  300°C), p ressure  (0  ps ig  versus 200 p s i g ) ,  and gas 
composition (CO,  CO followed by H 2  -- Kolbel-type [ 3 1 ,  synthes is  gas,  and 
hydrogen). S lu r ry  r eac to r  r e s u l t s  fo r  s e l ec t ed  per iods  during a t e s t  are 
shown i n  Table 1 .  Synthes is  process condi t ions  for a l l  t h e  tests were 1.21 
WHSV of  lH2/1CO feed gas, 275OC, and  200 ps ig  unless  otherwise ind ica ted .  
In the  tests where carbon monoxide was used t o  reduce the c a t a l y s t ,  t he  
carbon dioxide was monitored i n  the  e x i t  gas  by an in f r a red  de tec to r .  I n  
a l l  cases,  a f t e r  t h e  beginning of t h e  carbon monoxide reduct ion ,  the carbon 
dioxide concent ra t ion  reached a maximum during the  f i r s t  two hours and 
thereaf te r  asymptot ica l ly  approached a zero concent ra t ion .  

As i n  pas t  work with iron-manganese c a t a l y s t s ,  t he  func t iona l i t y  o f  the 
product in  t h e  base-line tes t  SL-54 changed with time on stream. As seen i n  
Table 1 ,  t h e  l i g h t  o l e f i n  content decreased with syn thes i s  time due t o  
o l e f in  hydrogenation. Th i s  is pa ra l l e l ed  by FIA r e s u l t s  on t h e  l i qu id  o i l ,  
which reveal t h a t  w i t h  time on stream, t h e  o i l  becomes more p a r a f f i n i c  and 
less o l e f i n i c .  Also w i t h  c a t a l y s t  aging, t h e  o l e f i n i c  products exh ib i t  more 
double-bond i somer iza t ion .  I f  t h e  2-butene/l-butene r a t i o  is used as an 
index fo r  o l e f i n  isomerization, t h i s  r a t i o  -- thus ,  isomerization -- 
increased i n  the  C r  f r a c t i o n  with time. S imi l a r ly ,  by in f r a red  ana lys i s  of  
the l i qu id  o i l s ,  the  r a t i o  of i n t e rna l  t o  terminal o l e f i n s  a l s o  increased 
with time. 

The c a t a l y s t  i n  t e s t  SL-57 was ac t iva t ed  i d e n t i c a l l y  t o  t h e  base-line 
test except a t  300°C. This  higher temperature of  a c t i v a t i o n  increased the  
i n i t i a l  a c t i v i t y  of t h e  c a t a l y s t  bu t  a l s o  increased t h e  deac t iva t ion  rate of 
t h e  ca t a lys t .  A lower pressure (0  ps ig)  of  a c t i v a t i o n  was used in  t e s t  
SL-60, and this  increased the  i n i t i a l  a c t i v i t y  over the  base-line t e s t .  A 
Kolbel-type o f  a c t i v a t i o n  in  test SL-58 (CO treatment ?or 24 hours a t  275OC 
and 200 ps ig ,  followed by H 2  treatment a t  275OC and 200 ps ig)  had a c t i v i t y  
r e s u l t s  similar t o  those  o f  t h e  base-line test  SL-54. 

The t rends  i n  t h e  product s e l e c t i v i t y  were the same fo r  a l l  the  tests 
(see Table 1) .  With time on stream, t h e  hydrocarbon s e l e c t i v i t y  s h i f t e d  t o  
a l i g h t e r  f r a c t i o n ;  t h e  olefin content decreased; and a l a rge r  percentage of 
o le f in  isomers occurred. A minor exception is noted in  the Kolbel-type 
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activation test, where the internal-to-terminal olefin ratios in both the 
gas and oil phases went through a minimum during the first part of the test. 

The major differences in the activation studies occurred when the 
catalyst was activated at 275% and 200 psig with hydrogen or synthesis gas 
(lHz/lCO) as compared to carbon monoxide. No catalyst activity occurred 
with hydrogen activation, and only slight conversion (<2%) occurred with a 
synthesis gas activation. Investigating a higher iron-to-manganese ratio 
catalyst, Maiti et al. [7] claimed that a MnFezOr spinel and MnO were the 
major phases at hydrogen reduction temperatures below 30OoC. The XPS 
information in the latter section will clarify this point. 

The addition of a structural promoter to the 21Fe/79Mn catalyst was 
attempted to stabilize the activity and maintain a high light-gas olefin 
content. Schulz and Gokcebay [8] claimed that potassium addition to their 
iron-manganese catalysts reduced secondary olefin hydrogenation and isomeri- 
zation reactions. Based on this, several batches of 21FeI79Mn catalyst were 
impregnated with various amounts of potassium. Three different potassium 
levels were investigated: 0.1, 0.4, and 1.3 weight percent. Results are 
listed in Table 1. An activation with carbon monoxide at 2.25 WHSV, 275oC, 
and 0 psig for 24 hours was done in situ for each test. 

As compared to test SL-60 that had an unpromoted catalyst, the activity 
of the 0.1% potassium catalyst was about the same except after 119 hours on 
stream, where the potassium-promoted catalyst had deactivated significantly. 
The 0.4 and 1.3 weight percent potassium-promoted catalysts had very high 
initial activities [50 mole percent (HZ + C0)-conversion] but decreased 
after 200 hours on stream to values comparable to the unpromoted catalyst. 

The hydrocarbon distribution for the unpromoted iron-manganese shifts 
to a lighter fraction with time and to a lower olefin content with a larger 
fraction of olefin isomers. The lowest loading of 0.1 weight percent 
potassium did not seem to change these trends. However, for the catalyst 
with the 0.4 weight percent potassium loading, the product distribution 
shifts to a higher carbon number with time. The percent olefinic product 
actually increases with time, and the internal/terminal olefin ratio 
decreases -- indicating less olefin isomerization. At the highest potassium 
loading in test SL-62, the hydrocarbon distribution is relatively constant 
and is shifted to higher molecular weights. The olefin content is high (85 
weight percent), and the internal/terminal olefin ratio is about an order of 
magnitude less than with the unpromoted iron-manganese catalyst. With this 
iron-manganese catalyst, a high loading of potassium is evidently needed to 
prevent olefin hydrogenation and isomerization reactions. However, the 
product distribution is shifted so that only about 30 weight percent of the 
hydrocarbon product is Cz-Cr rather than the 40 weight percent obtained with 
the unpromoted catalyst. 

The XPS analysis of the wax-encapsulated iron-manganese catalysts 
determined the surface atomic ratios Fe/Mn and C/Mn (see Table 2). These 
results can be correlated with the activity of a catalyst during three-phase 
testing. For example, the (Hz+CO) conversion in SL-61 was negligible 
throughout the slurry run. Such inactivity is mirrored in the C/Mn ratios 
that are constant throughout the test and are lower than C/Mn for other 
s lu r ry  tests. In relation to test SL-61, XRD and in situ XPS results with 
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an unpromoted iron-manganese c a t a l y s t  under hydrogen w i t h  temperatures rang- 
ing from 275oC to  450oC revealed t h a t  me ta l l i c  i ron  was not produced. 
Instead, a solid so lu t ion  of FeO-MnO and/or a Fe-Mn s p i n e l  is formed. 
Hence, the cons tan t  and low C/Mn r a t i o  i n  SL-61 sugges ts  t h a t  i ron  is not 
ava i lab le  f o r  i ron  carb ide  formation during syn thes i s  gas exposure, and 
thus,  no convers ion/ac t iv i ty  is observed during the t e s t .  

The va r i a t ions  in  the  atomic r a t i o s  f o r  s l u r r y  tests SL-54 through 
SL-60 a re  r e l a t ed  t o  d i f f e rences  i n  the  ac t iva t ion  gas sequence and the 
ac t iva t ion  parameters f o r  t h e  unpromoted iron-manganese c a t a l y s t .  In 
general ,  t he  trend i n  t hese  tests is f o r  the Fe/Mn values to decrease with 
time on stream. Correspondingly, the C/Mn values increase  with time on 
stream and can be  r e l a t ed  t o  carbon depos i t ion  as a function of time on 
stream and/or a s  a d i f f e rence  in t h e  amount of s l u r r y  wax r e t a ined  by the 
c a t a l y s t s  a f t e r  to luene  sonica t ion .  I n  a l l  cases ,  the c a t a l y s t  deactivated 
to  some extent over the f i r s t  200 hours on stream. More s p e c i f i c a l l y ,  an 
increased carbon conten t  was found on the c a t a l y s t  ac t iva t ed  under carbon 
monoxide a t  3OO0C (SL-57) compared to the  c a t a l y s t  ac t iva t ed  under carbon 
monoxide a t  275OC (SL-54) wi th  s y n t h e s i s  time. This increased C/Mn r a t i o ,  
a s  independently confirmed by TCA r e s u l t s ,  is probably r e l a t ed  to  an 
enhanced amount o f  i ron carb ide  and/or carbon formation during the 
ac t iva t ion  and usage s t ages  of SL-57. Such enhancement pa ra l l e l ed  the 
f a s t e r  deac t iva t ion  r a t e  f o r  SL-57. The corresponding C/Mn r a t i o s  f o r  SL-58 
show that  Hz reduction a f t e r  CO exposure (Kolbel-type a c t i v a t i o n )  decreases 
the carbon content on t h e  c a t a l y s t  t o  l e v e l s  below SL-57. Such a decrease 
may be r e l a t ed  t o  g rea t e r  formation of me ta l l i c  Fe a f t e r  the hydrogen 
reduction, a s  ind ica ted  by the  high Fe/Mn r a t i o  a f t e r  48 hours on stream. 

Table 2 a l s o  r epor t s  XPS r e s u l t s  from the potassium-promoted tests 
SL-62 through SL-64. In genera l ,  f o r  these t e s t s ,  t h e  Fe/Mn r a t i o  increases 
with time on stream, un l ike  r e s u l t s  w i th  the unpromoted c a t a l y s t s .  Also, 
the C/Mn r a t i o  inc reases  wi th  time on stream. In a l l  cases  w i t h  the 
promoted c a t a l y s t ,  t he  potassium appears t o  enhance the sur face  i ron concen- 
t r a t i o n  during a t e s t .  The potassium a l s o  appears t o  increase  surface 
carbon deposit ion during a test. The c a t a l y s t  i n  test SL-64 deactivated 
s ign i f i can t ly  during t h e  experiment, and t h i s  could be r e l a t e d  t o  the 
rapidly increasing C/Mn r a t i o  during the  t e s t .  

SUMMARY 

The e f f e c t s  o f  var ious  a c t i v a t i o n s  of an iron-manganese c a t a l y s t  on 
synthesis gas conversion were inves t iga ted  in  a s l u r r y  r eac to r .  Although 
the  ac t iva t ion  temperature and pressure d id  a f f e c t  c a t a l y s t  a c t i v i t y ,  o l e f in  
hydrogenation and i somer iza t ion  r eac t ions  s t i l l  appear t o  be s i g n i f i c a n t  i n  
a l l  cases. The a c t i v a t i n g  gas composition had the  most dramatic e f f e c t ,  
wi th  t h e  c a t a l y s t  exhib i t ing  no a c t i v i t y  a f t e r  a hydrogen ac t iva t ion .  
Potassium promotion of the iron-manganese c a t a l y s t  succeeded i n  increasing 
t h e  a c t i v i t y  and increas ing  the percentage of o l e f i n s  i n  the l i g h t  gas 
f ract ion.  However, the hydrocarbon d i s t r i b u t i o n  was s h i f t e d  t o  a higher 
average molecular weight .  The XPS r e s u l t s  of c a t a l y s t  s l u r r y  samples a t  
various process times were co r re l a t ed  w i t h  the c a t a l y t i c  process r e s u l t s  t o  
explain the p a r t i c u l a r  c a t a l y s t  performance. 
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INTRODUCTION 

Most kinetic studies of methanol synthesis over Cu/ZnO catalysts have been carried out using mix- 
tures of carbon monoxide and hydrogen. But in some cases (1) the synthesis gas has also contained car- 
bon dioxide (2). Power rate  laws as well as complicated rate expressions have been proposed over the 
years. The detailed kinetics of the surface processes is virtually unknown. With the exception, perhaps, 
of the near-atmospheric work by Saida and Ozaki (3), investigations of the kinetics of methanol synthesis 
over Cu/ZnO catalysts have been done a t  pressures on the order of 75 atm (1,4-8). A major drawback of 
several such kinetic studies is the use of integral reactors. 

In this study, we investigate the kinetics of methanol synthesis over a commercial Cu/ZnO/Al,O, 
catalyst in a diRerential reactor at pressures in the range from 3 to 15 a tm and temperatures between 250 
and 290' C (9). 

EXPERIMENTAL METHOD 

A high pressure unit is used for the kinetic experiments (9). The reactor system consists of a U-tube 
made of stainless steel 304, 0.95 cm OD and 0.09 em thick. The U-tube is suspended vertically in a 
Techne Euidized sand bath SBS-4. In the direction of Bow, the U-tube contains a length of glass wool, a 
preheating section of Potters silica glass spheres P-047, a second length of glass wool to isolate the 
catalyst bed from the glass spheres and a final glass wool plug above the catalyst bed to  prevent carry- 
over of the catalyst (9). Omega iron-constantan thermocouple probes TT-J-30 are used for temperature 
measurements. Our data reveal that  the fixed bed we use is isothermal (9). The reactor system is pres- 
surized by a Grove back pressure regulator 91W. The reactor effluent is led to  a Carte sampling valve 
7707. During analysis, the effluent sample is carried by the carrier gas (hydrogen) to  a Varian Aerograph 
Gas Chromatograph 202-B. A Chromosorb 102 column permits separation of CO, CO,, and methanol. 
The gas chromatograph is coupled with a Houston Instrument chart recorder A521X-14K to enable qual- 
itative and quantitative analysis of the effluent. Based on gas chromatographic analysis of CO bubbled 
through methanol a t  different temperatures, it is concluded that  the weight percent of the components in 
the reactor effluent can be estimated by using Dietz's thermal conductivity weight factors (10). 

A 5 g Cu/ZnO/Al,O, catalyst sample (C79-2-01 of United Catalysts, Inc., Kentucky.) of average size 
equal to 0.077 cm is reduced with hydrogen at  1 a tm and 290" C for 15 hours (9). No further pretreat  
ment is done during the rest of the experimental span. A reaction interval of one hour is found to be 
sufficient to produce reproducible steady-state product distributions. Steady state reaction data are col- 
lected at temperatures between 250 and 290" C, pressures in the range of 3 to  15 atm, H,/CO = 2.1 - 2.4 
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and total Bow rates between 70 and 120 cc/min (STP). The catalyst composition measured with a 
Dispersive Analyzer is on an oxygen free basis: 40.6 wt.% Cu, 50.3 wt.% Zn and 9.1 wt % AI. The 
specific surface area of this catalyst, determined by BET with N,, is 37.8 mz/C. 

RESULTS 

The Cu/ZnO/Al,O, catalyst is tested at three temperatures, 250, 270 and 290 ' C. Typical measured 
steady state conversions are summarized in Table 1 along with the conditions used. No deactivation of 
the catalyst is observed a t  tbe experimental conditions studied, based on periodic tests conducted at  
"standard conditions" which were chosen to be 11.2 atm, 250" C and H,/CO ratio equal to 2.3. As a 
consequence of a rigorous design of our differential reactor, heat and mass transfer effects are negligible 
(9). 

Methanol is the main product a t  the conditions studied. Carbon dioxide and water (in trace amounts) 
are formed as side products. No other by-products are observed at  tbe conditions used. It is observed 
that the reaction rate increases as the temperature increases in the temperature range 250 to 290'C. 
Also, the reaction rate increases as the total pressure increases a t  constant temperature and H2/C0 ratio 
(Table 1). Note that at 250 and 270 C the methanol synthesis reaction in our system is far from equili- 
brium whereas a t  290 n C the reverse reaction becomes important. 

Starting with power rate laws, several rate expressions were tried to fit our data. Emphasis was laid, 
on rate expressions containing a small number of parameters. The reaction rate was found to be approxi- 
mately proportional to the total pressure. This enabled us to eliminate several rate expressions if the 
observed dependence of rate on total pressure was not followed (9). 

Since evidence for the formyl (CHO-) and the methoxy (CH,O-) species has been reported for 
Cu/ZnO catalysts during metbanol synthesis (1,2,11), two parameter and three parameter kinetic models 
which can be derived from Langmuir-Hinshelwood type rate expressions were tried. These contained rate 
determining steps involving a bimolecular surface reaction between an absorbed hydrogen atom and 
either a metboxy or a formyl adsorbed species. The form of such rate expressions examined is 

It is found that the best possible fit is obtained with the rate expression (9) 

-E 
R T  where k = k, exp (-) and n = -1.30 * 0.03. The Arrhenius plot of the temperature dependence of k 

is presented in Figure 1. With a single pre-exponential factor and a single overall activation energy 
obtained from linear regression of the rate constant data,  large deviations (30-40%) are observed between 
predicted and measured reaction rates. Therefore, it is proposed that there is a decrease in the overall 
activation energy with temperature (Fig. 1). The overall activation energies and the corresponding pre- 
exponential factors computed a t  each temperature from Figure 1, are presented in Table 2. The error 

319 



accompanying the estimation of the activation energy is about * 1000 cal/gmol based on the error 
involved in calculating the activation energy from the Arrhenius plot and the 15% maximum relative 
error in observed reaction rates. Equation 2 fits all our data  with a maximum relative error of less than 
15% (Fig. 2). 

DISCUSSION 

From the structure of rate Equation 2 we note that (i) the kinetics of the reverse reaction is 
accounted for; (ii) this rate expression contains only two parameters, the rate constant and an empirical 
constant, n (1,3,6,9); (iii) the reaction rate depends on a positive power of partial pressure of hydrogen 
and on a negative power of the partial pressure of carbon monoxide (1,9); and (iv) the measured overall 
activation energy decreases with increasing temperature (Table 2). 

The term P,&g (Eq. 2) represents a formyl species, CHO-, formed by a reactive collision between 

C O  and an adsorbed hydrogen atom. Mechanisms proposed by Herman et ol., (4) and Kung (11) involve 
the formyl species as one of the surface intermediates. Assuming the formyl species to be the most abun- 
dant  surface intermediate and the last reaction step of both mechanisms to  be rate determining, a rate 
expression similar to Equation 2 can be derived (9,12). 

In the mechanism reported in (4), t he  intermediates are proposed to  be bonded to the surface cation 
via the carbon atom. Such a proposal is feasible for noble-metal catalysts because relatively strong metal 
carbon bonds can be formed, and there is ample evidence that  CO adsorbs molecularly on these metals 
with the carbon end pointing towards the metal (11). However, it is proposed that the large dipole 
moments and the relatively uneven electron density distribution on oxide surfaces favor bonding of the 
surface to the oxygen atom of the intermediate (11). Thus a methoxy type derivative should be more 
likely. 

In the mechanism proposed in ( l l ) ,  the formation of the methoxy intermediate from tbe formyl 
species involves rupture of two bonds and formation of three bonds. An elementary step is expected not 
to involve multiple bond ruptures and formations. This proposed elementary step of such a mechanism 
must therefore be looked upon cautiously in the absence of independent evidence that supports such a 
step. 

The indication of the formyl species from the kinetics observed and the examination of the shortcom- 
ings of the mechanisms proposed in (4 , l l )  allow us to suggest the mechanism (9) 

* * 
V 

for the supported Cu/ZnO catalyst we used. Here the symbols *, 8 and v represent a metal cation, a 
zinc 01 an oxygen site, and an oxygen vacancy respectively. “I” represents a likely intermediate between 
the formyl and methoxy species (9). Its possible structure needs to be investigated. 

Rate equation 2 can be derived from this mechanism by assuming that  the formyl species is the most, 
abundant surface intermediate and that  the surface reaction between the methoxy Euecies and an 
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adsorbed hydrogen atom is the rate determining step (Agny, 1984). The main difference between this 
mechanism and the mechanism reported in (11) is the addition of an intermediate I between the formyl 
and methoxy intermediates. 

Recently, coadsorption of CO and H, on ZnO and Cu/ZnO catalysts has been investigated at 270 K 
and subatmospheric pressures by Saussey el al., (13). The infrared spectrum of a mixture of CO and H, 
adsorbed on ZnO or Cu/ZnO reveals a pair of weak bands which have been assigned to  vibrations of a 
surface formyl species. This is to our knowledge, the first report presenting direct evidence for a formyl 
species resulting from CO and HZ interaction on Cu/ZnO catalysts. Deluzarche et  al. (14) claim to  have 
identified, by reactive scavenging, the formyl species on nickel. Kung (11) presents certain organornetal- 
lic chemistry analogs to substantiate the formyl and methoxy species as intermediates in the mechanism 
he bas proposed for methanol synthesis on ZnO and Cu/ZnO catalysts. These findings support our 
suggestion that adsorbed formyl species can be the most abundant surface intermediate (9), although 
further studies are necessary for such a proposal. 

Formaldehyde has never been observed as an intermediate in methanol synthesis over ZnO or 
Cu/ZnO catalysts. A plausible explanation, perhaps, is that  formaldebyde being a highly reactive inter- 
mediate undergoes rapid conversion in some species like the methoxy. Saida and Ozaki (3), who have 
studied the'kinetics of methanol synthesis over a Cu/ZnO/Cr,O, catalyst at near atmospheric pressures, 
conclude that quantitative interpretation of their data is possible only by assuming a reaction sequence 
involving formaldehyde. In a very recent work, Tawarah and Hansen (15) have investigated the kinetics 
of methanol decomposition over ZnO in the temperature range 563 to 613 K. Based on their observa- 
tions, they confirmed the presence of formaldehyde in the reactor effluent with a mass spectrometer and 
with chemical methods. Invoking the principle of microscopic reversibility, it may be concluded that 
some of those intermediates (15) participate in the methanol synthesis reaction. 

Ample evidence exists for the methoxy species on ZnO and ZnO/Cr,03 catalyst (16-19). Since the 
active forms appear to be the metal cations for both ZnO and Cu/ZnO catalysts, it seems reasonble to 
assume the formation of methoxy species on the Cu/ZnO catalysts. Recently, the methoxy species has 
also been observed on a Cu/ZnO catalyst during methanol synthesis (20). For Cu/ZnO catalysts it is 
proposed that the intermediates, in the course of their progress towards the product methanol, orient 
themselves to  form the more favorable oxygen-surface bond (11). These arguments lend support t o  the 
inclusion of a metboxy intermediate in the mechanism proposed for methanol synthesis over a 
Cu/ZnO/A1203 catalyst. 

There can be considered to be three possible ways of COz formation (i) the Boudouard reaction, (ii) 
the water gas shift reaction, and (iii) oxidation-reduction of the catalyst. In our reaction system, the car- 
bon and oxygen balances based on CO in the feed and CO, CO, and CH3OH in the reactor effluent are 
always closed. This enables us t o  suggest that the Boudouard reaction can be eliminated as a source of 

CO, (9). 

Van Herwijnen and Dejong (21) have investigated the kinetics and mechanism of the water gas shift 
reaction on a Cu/ZnO catalyst in the range of 172 to 230'C and pressures ranging from 1 to 6 atm. 
With a feed mixture containing CO, NZ and small amounts of HzO, they find their Cu/ZnO catalyst to 
be active in the forward direction of this reaction. This finding allows us to suggest that  at our experi- 
mental conditions (250-290' C, 3-15 atm), such a reaction is likely. 
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Herman et  al., (4) have tested a Cu/ZnO/AlZO3 catalyst for a HZ/CO (76/24) mixture without COP. 
Although this catalyst is found to be selective to methanol, i t  is rapidly and irreversibly deactivated, 
Their examination of the catalyst by optical spectroscopy reveals only the pink color that  is characteris- 
tic of copper, They attr ibute this to oxidation-reduction of the catalyst. 

In view of these arguments and lack of any spectroscopical analysis of our catalyst, both the water 
gas shift reaction and oxidation-reduction of the catalyst are probably responsible for the formation of 
COz at the conditions of our experiments. 

SUMMARY 

The kinetics of methanol synthesis from carbon monoxide and hydrogen over a commercial 
Cu/ZnO/Al,O, catalyst has been investigated at temperatures between 250 and 290' C and pressures 
between 3 and 15 atm. The highest catalytic activity is observed a t  290 ., C. A two parameter kinetic 
model that  quantitatively describes the observed patterns is presented. It is also proposed that the for- 
myl species, CHO-, appears to be the most abundant surface intermediate, and the rate determining step 
seems to be the surface reaction between the methoxy intermediate and an adsorbed hydrogen atom. 
Based on this study and current knowledge of supported Cu/ZnO catalysts, a mechanism for the 
methanol synthesis is proposed. The main feature of this mechanism is the shift from a carbon-surface 
bond to an oxygen-surface bond during the course of reaction. 

NOMENCLATURE 

E = Activation energy, cal/gmol 

k = Rate constant, gmol/g.cat/sec/atm 

k, = Pre-exponential factor, gmol/g'cat/sec/atm 

K, 

n = Empirical constant 

r = Reaction rate, gmol/g.cat/sec 

R 

T 

= Equilibrium constant of the methanol synthesis reaction 

= Universal gas constant, cal/gmol/K 

= Temperature of reaction, K 
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TABLE 1 .  

Steady S ta t e  Data of Methanol Synthesis o f  Cu/ZnD/A1203 Catalyst 
C79-2-01 o f  United Catalysts, Inc. 

- ~~~ ~ ~ 

Rw I Reactor Reactor Flow Rate Conversion Reactor E ( f luent  
Temperature Pressure 5 a t  STP Of co to Composition (%) 

('0 ( a b )  F (cclmin) Methanol 
( % )  CO H2 CH30H COP H20 

1 250 14.3 2.4 102 0.27 29.4 70.5 0.08 a a 
2 250 12.6 2.4 100 0.24 28.9 70.9 0.07 a a 
3 250 11.2 2.2 77 0.22 31.1 68.8 0.07 a a 
4 250 9.4 2.2 79 0.19 31.6 68.3 0.06 a a 
5 250 7.7 2.1 83 n.15 32.5 67.4 0.05 a a 
6 250 6.2 2.2 79 0.13 31.6 68.3 0.04 a a 
7 270 14.2 2.3 104 0.91 29.4 70.0 0.26 0.27 a 
8 270 11.0 2.2 I12 0.61 30.9 68.8 0.18 0.09 a 

9 270 9.5 2.4 101 0.54 29.5 70.2 0.16 0.07 a 
10 270 7.8 2.2 100 0.42 30.9 68.9 0.13 0.07 a 
11  270 6.2 2.2 103 0.32 3u.9 68.Y 0.11 0.06 a 

12 270 3.4 2.1 106 0.16 32.0 67.9 0.05 a a 

13 290 14.3 2.4 101 1.35 29.0 70.0 0.40 0.51 a 

14 290 11.2 2.3 11b 0.Y6 2Y.8 b9.6 0.30 0.26 a 
15 290 9.5 2.2 100 0.81 30.6 68.8 0.27 0.27 a 
16 290 7.7 2.1 103 0.63 31.4 68.1 0.20 0.24 a 
17  290 6.2 2.2 97 0.48 30.7 69.0 0.15 0.14 a 

18 290 3.5 2.2 99 0.22 31.3 68.6 0.07 a a 

a Trace amunts. 

TABLE 2 .  

Pre-exponential Factors and Overall Activation Energies fo r  Methanol 
Synthesis over Cu/ZnO/A1203 Catalyst C79-2-01 o f  United Catalysts, Inc. 

Tempera tu re  
( " C )  

Pie-exponcnt l a 1  O v e r a l l  
F a c t u r  A c t i v a t i o n  Energy 

( g i w l  / r~.  ca t/ v x / a  tm) ( c a l / g m o l )  

250 

270 

290 

13.600 

1.890 

4a 

34.000 1,000 

29.500 : 1.000 

25,000 ! ,000 
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Figure  1. Arrhenious P l o t  for  t h e  Methanol Synthesis React ion i n  o u r  
System (Eq. 2 ) .  

HEtlSURED RERCTION RATE. IC;HOL/G CAT/SECI X lo* 

Figure  2 .  Comparison Between Measured Reactions Rates and Pred ic ted  
React ion Rates ( E q .  2) .  
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ABSTRACT 

Ligh t  gas  o i l  and heavy gas  oil from Paraho s h a l e  o i l  and t h e i r  mix tu res  wi th  a 
petroleum l i g h t  gas  oil were pyrolyzed in t h e  presence of steam a t  880-900°C 
and con tac t  t imes  between 60 and 90 mil l i s econds  in a nonisothermal  bench s c a l e  
p y r o l y s i s  r e a c t o r .  Blending of petroleum LGO i n t o  t h e  s h a l e  o i l  f eeds  provided 
product y i e l d s  t h a t  were t h e  weighted l i n e a r  combination of t h e  y i e l d s  of t h e  
i n d i v i d u a l  components of t h e  blends.  P a r t i a l  den i t rogena t ion  and a pronounced 
dec rease  in t h e  r a t e  of coke depos i t i on  on t h e  r e a c t o r  w a l l s  was observed when 
petroleum g a s  o i l  was blended wi th  t h e  s h a l e  gas  o i l s .  

INTRODUCTION 

Steam p y r o l y s i s  of hydrocarbons in t u b u l a r  r e a c t o r s  is t h e  key process  f o r  
product ion of gaseous o l e f i n s  t h a t  s e rve  a s  major raw materials f o r  t h e  
petrochemical  i n d u s t r y .  While t h e  r ecen t  concern r ega rd ing  c o s t ,  supply and 
a v a i l a b i l i t y  of petroleum derived f eeds tocks  f o r  petrochemicals  product ion has  
subsided,  a t  least t empora r i ly ,  t h e  long term out look remains s u f f i c i e n t l y  
clouded t h a t  t h e  p r e s e n t  b rea th ing  s p e l l  a f f o r d s  an oppor tun i ty  t o  examine 
p o t e n t i a l  a l t  ~ f i ” , e ? ~ f e e d  sources .  These concerns have l ead  t o  s e v e r a l  
i n v e s t i g a t i o n s  of sha le  o i l  a s  f eed  f o r  o l e f i n s  prodqyjion. 
Indeed, t h e  M. W. Kellogg Company have r e c e n t l y  completed a s tudy  t o  
e v a l u a t e  s h a l e  o i l  f r a c t i o n s  and hydro t r ea t ed  s h a l e  oil f r a c t i o n s  as f eed  f o r  
o l e f i n s  p roduc t ion  in convent ional  py ro lys i s .  The a u t h o r s  concluded from 
t h i s  s tudy  t h a t  s h a l e  o i l  d i s t i l l a t e s  produce e thy lene ,  propylene and benzene 
y i e l d s  s i m i l a r  t o  t h o s e  from petroleum, however coking r a t e s  were unacceptably 
h igh  for a l l  excep t  t h e  l i g h t e s t  f r a c t i o n .  Mild hydro t r ea t ing  improved t h e  
tube  w a l l  f o u l i n g  r a t e  of t h e  s h a l e  o i l  naphtha and l i g h t  gas  o i l  f r a c t i o n s  t o  
t h e  range t y p i c a l  of petroleum l i g h t  gas o i l  (LGOP); t h a t  f o r  t h e  heavy gas  o i l  
(HGOS) was improved h u t  s t i l l  unacceptable .  I n  ano the r  s t u d y ( 5 ) ,  m r e  
ex tens ive  p r e r e f i n i n g  by h y d r o t r e a t i n g  reduced t h e  heteroatom concen t r a t ion  and 
provided y i e l d s  of o l e f i n s  comparable wi th  o r  exceeding those  from petroleum 
f r a c t i o n s .  S u b s t a n t i a l l y  lower e thy lene  y i e l d  w a s  obtained from seve re ly  
hydro t r ea t ed  TOSCO I1 d i s t i l l a t e  due t o  s team r e f o r m i 6  du r ing  py ro lys i s .  
Coking r a t e s  and l i q u i d  p roduc t s  y i e l d s  were no t  r epor t ed .  

While i t  is c l e a r  t h a t  s h a l e  oil h a s  t h e  p o t e n t i a l  to e v e n t u a l l y  be a major 
source of hydrocarbon f o r  both f u e l  and chemical product ion,  t h e  n e a r  term 
p rospec t s  c a l l  f o r  l i m i t e d  product ion from subs id i zed  programs. Since 
ded ica t ed  r e f i n e r i e s  and petrochemtcal  p l a n t s  cannot be j u s t i f i e d  t o  u t i l i z e  
t h i s  material, i t  w i l l  be necessa ry  e i t h e r  t o  upgrade t h e  s h a l e  o i l  t o  its 
petroleum e q u i v a l e n t  or t o  improve i t s  p r o c e s s a b i l i t y  by blending i t  wi th  
convent ional  petroleum. Indeed, even when s h a l e  o i l  product ion begins  t o  
expand a s  petroleum d e c l i n e s ,  t h e  b l end ing  of t h e s e  t o  produce f eeds tocks  w i l l  
presage t h e  smooth e v o l u t i o n  of s h a l e  o i l  s p e c i f i c  p rocess ing  technology. 
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The l i t e r a t u r e  on steam p y r o l y s i s  of s h a l e  o i l  d i s t i l l a t e s  is l i m i t e d  bu t  
adequate  t o  i n d i c a t e  i t s  p o t e n t i a l  as f eeds tock ,  p a r t i c u l a r l y  a f t e r  some 
p re re f in ing .  The l i t e r a t u r e  on steam p y r o l y s i s  of petroleum d i s t i l l a t e s  i s  
ex tens ive .  However, no l i t e r a t u r e  e x i s t s  i n  t h e  cocracking of s h a l e  and 
petroleum d i s t i l l a t e s .  Cocracking of petroleum derived f eeds tocks  has  been 
shown t o  provide expected product y i e l d s ,  t h a t  i s ,  y i e l d s  which a r e  t h e  l i n e a r  
combination of y i e l d s  of t h e  i n d i v i d u a l  component of t h e  blend. However, 
coking behavior  of such f eeds tock  mixtures  showedA) remarkable e f f e c t s  where 
t h e  coking r a t e  of a s u i t a b l y  blended f eeds tock  mimicked t h e  r a t e  of t h e  l e s s  
coking f e e d  component. 

The p resen t  s tudy  was undertaken t o  determine t h e  c rack ing  and coking behavior  
of s h a l e  o i l  d i s t i l l a t e s  under cond i t ions  of mi l l i s econd  p y r o l y s i s  and t h e  
e f f e c t s  of admixture  of petroleum LGO on t h e s e  p r o p e r t i e s .  P a r t i c u l a r  i n t e r e s t  
w a s  pa id  t o  l i q u i d  products .  

EXPERIMENTAL : 

Apparatus:  

I 

The bench s c a l e  py@,~,s&, fu rnace  and f low system have been desc r ibed  
p rev ious ly  in d e t a i l .  

The experimental  arrangement f o r  p y r o l y s i s  comprised a f eed  system, v a p o r i z e r  
p rehea te r ,  an e l e c t r i c a l l y  heated furnace and product  recovery system. Liquid 
f eeds tocks  were f e d  from Ruska meter ing pumps i n t o  t h e  vapor i ze r  where they  
were mixed wi th  superheated steam before pas s ing  through t h e  p r e h e a t e r  and i n t o  
t h e  r e a c t o r .  The r e a c t i o n  zone was a n  annulus  between a r e a c t o r  tube and a 
coax ia l  thermowell ,  both of 310 s t a i n l e s s  s t e e l .  Temperature p r o f i l e s  were 
measured wi th  a c a l i b r a t e d  chrome-alumel thermocouple manually d r iven  a l o n g  t h e  
l eng th  of t h e  r eac to r .  On l eav ing  the r e a c t i o n  zone, t h e  p rocess  s t ream 
r a p i d l y  cooled by admixture wi th  a r ecyc led  s t r eam of cooled product  gas.  
The quenched p roduc t s  were f u r t h e r  cooled a g a i n s t  c h i l l e d  water i n  an i n d i r e c t  
heat  exchanger and wa te r  condensate p l u s  l i q u i d  p roduc t s  were sepa ra t ed  by 
means of a sma l l  cyclone s e p a r a t o r  which was an i n t e g r a l  p a r t  of t h e  product  
gas  r ecyc le  quench system. 

To avoid formation of carbon oxides  due t o  steam reforming r e a c t i o n s , ( f l  was 
observed in o t h e r  s t u d i e s  wi th  hydro t r ea t ed  s h a l e  o i l  d i s t i l l a t e ,  t h e  
w a l l s  of t h e  s t a i n l e s s  s t e e l  r e a c t o r  were maintained in a c a t a l y t i c a l l y  
i n a c t i v e  form by s u l f i d i n g  and t h e  p y r o l y s i s  experiments  were performed i n  t h e  
presence of 50 ppm s u l f u r  which was in t roduced  t o  t h e  system a s  e t h y l  mercaptan 
contained i n  t h e  p rocess  f eed  water.  

A t  t h e  completion of a p y r o l y s i s  run t h e  amount of coke depos i t ed  on t h e  
r e a c t o r  w a l l  du r ing  t h e  run was determined by burning o u t  w i th  a s team-air  
mixture.  FYBe To accomplish t h i s ,  t h e  p y r o l y s i s  system is modif ied by 
replacement of t h e  quenching system w i t h  a C02 c o l l e c t i o n  system. A i r  and 
wa te r  r a t e s  a r e  c o n t r o l l e d  by ro t ame te r s  and need le  valves .  Contaminant C 0 2  
i s  removed from bo th  t h e  wa te r  and b o t t l e d  a i r  used in t h e  bum-off .  A f t e r  t h e  
combustion gases  l eave  t h e  r e a c t o r ,  t he  bulk of t h e  unreacted water is removed 
wi th  a room temperature  t r a p ,  and r e s i d u a l  wa te r  vapor is removed wi th  a d ry ing  
agent. The dry gases  then  e n t e r  a CuO bed maintained a t  high temperature  t o  

7 8  

any CO t o  C02 and is then passed through ano the r  d ry ing  agen t  p r i o r  
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t o  being absorbed i n  a preweighed ascar i te /magnesium p e r c h l o r a t e  tube.  T o t a l  
carbon d e p o s i t e d  i n  t h e  r e a c t o r  i s  c a l c u l a t e d  from t h e  weight of C 0 2  
co l l ec t ed .  A gas chromatograph in t h e  system p e r i o d i c a l l y  measures t h e  C 0 2  
l e v e l  in t h e  combustion gas  s t r eam t o  determine when a burnout is completed. 

A f t e r  a p y r o l y s i s  run/burnout  cycle  is completed,  t h e  r e a c t o r  tube is 
condi t ioned f o r  t h e  next  run  by reducing and s u l f i d i n g  t h e  r e a c t o r  wal l s  w i th  a 
f low of hydrogen and hydrogen s u l f i d e .  

Product Ana lys i s  : 

Two gas samples,  f o r  d u p l i c a t e  a n a l y s i s  by mass spectrometry,  were taken in 
t h e  f i r s t  t h i r d  and f i n a l  t h i r d  of t he  run per iod.  R e s u l t s  of d u p l i c a t e  mass 
spec t romet r i c  d e t e r m i n a t i o n s  f e l l  w i t h i n  t h e  e s t a b l i s h e d  limits f o r  t h i s  
a n a l y t i c a l  method, and t h e  averaged values  were t h e n  used. 

Liquid p roduc t ,  a f t e r  s e p a r a t i o n  from p rocess  s team condensate ,  i s  assayed i n t o  
gaso l ine  ( 3 6 - 2 1 8 " C ) ,  l i g h t  f u e l  o i l  ( 2 1 8 - 3 4 3 O C )  and heavy f u e l  o i l  (343'C') 
by gas chromatographic s imula t ed  d i s t i l l a t i o n  ( G C S D )  as def ined in ASTM method 
D - 2 8 8 7 .  

Tota l  o r g a n i c  n i t r o g e n  p resen t  in t h e  C5+ l i q u i d  products  from s e l e c t e d  
runs was determined by t h e  Kje ldah l  method. Bo i l ing  range d i s t r i b u t i o n  of 
n i t rogen  was determined u s i n g  a gas chromatographic s imula t ed  d i s t i l l a t i o n  
method modif ied by u s e  of a d e t e c t o r  s p e c i f i c  f o r  o rgan ic  n i t rogen .  The method 
involves  i n j e c t i n g  a sample i n t o  a chromatographic column equipped wi th  
e f f l u e n t  s p l i t t e r  l e a d i n g  t o  a Thermionic S p e c i f i c  De tec to r  (TSD) f o r  n i t rogen  
and a Flame I o n i z a t i o n  De tec to r  (FID) f o r  carbon. The a r e a  from t h e  TSD f o r  
each t ime i n t e r v a l  is recorded on magnetic t a p e  w h i l e  t h e  a r e a  from t h e  FID 
over  t h e  e n t i r e  chromatogram i s  recorded s e p a r a t e l y .  From t h e s e  da t a  and 
p rev ious ly  determined c a l i b r a t i o n  f a c t o r s ,  n i t r o g e n  concen t r a t ion  and b o i l i n g  
range d i s t r i b u t i o n s  may be determined us ing  t h e  convent ional  GCSD temperature  
vs time p l o t .  A Varian 3 7 0 0  G . C .  equipped w i t h  TSD and FID was employed f o r  
t h i s  work. 

Feedstocks 

Shale l i g h t  gas o i l  (LGOS) and heavy gas  o i l  ( H G O S ) ,  prepared by d i s t i l l a t i o n  
from Paraho s h a l e  o i l ,  were samples of t h e  same m a t e r i a l s  used in an e a r l i e r  
steam p y r o l y s i s  s t u d y  ( 4 ) .  An Arabian l i g h t  g a s  o i l  comprised t h e  petroleum 
derived l i g h t  gas  o i l  (LGOP) used i n  t h i s  s tudy.  Blends of s h a l e  gas  oils and 
t h e  petroleum g a s  oil were prepared t o  con ta in  2 0 ,  4 0 ,  60 and 80 w t X  petroleum 
gas  o i l s .  Thus a t o t a l  of t e n  f eeds tocks  were examined. Tnspect ion da ta  f o r  
t h e s e  f e e d s t o c k s  and b l ends  a r e  summarized in Tab le  I. 

Yie lds  of i n d i v i d u a l  C6-C8 aromatics  (BTX) were ob ta ined  by G . C .  

DATA AND DISCUSSION 

Runs were c a r r i e d  out a t  maximum temperatures  (Tm) of a p a r a b o l i c  temperature  
p r o f i l e  ( 9 )  between 7 4 4 ° C  and 8 9 9 ° C  wi th  s team d i l u t i o n  corresponding to 
steamlhydrocarbon weight  r a t i o s  between 0 . 5  and 1 . 0 .  A l l  runs were i s o b a r i c  a t  
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a t o t a l  p re s su re  of 13-15 p s i g  (90-105 kPa). Most of t h e  runs were c a r r i e d  o u t  
under mi l l i s econd  con tac t  t imes ( l e s s  t han  0.1 seconds) ;  however, one r u n  on 
each of t h e  nea t  s h a l e  gas  o i l s  (LGOS and HGOS) was c a r r i e d  ou t  a t  conven t iona l  
con tac t  t ime (about 0.3 seconds)  t o  determine t h e  e f f e c t  of t h i s  v a r i a b l e  on 
product y i e l d s .  With t h e  excep t ion  of t hose  runs where excess ive  r e a c t o r  
coking (Runs 11,12 & 13) fo rced  e a r l y  run t e rmina t ion ,  m a t e r i a l  ba l ances  f e l l  
between 95% and 100%. 

Tables  I1 and 111 summarize t h e  i n d i v i d u a l  run cond i t ions  and t h e  observed 
y i e l d s  and converslons f o r  a l l  runs  wi th  l i g h t  and heavy s h a l e  gas o i l s  (LGOS 
and HGOS), r e spec t ive ly .  Runs No. 1 and 10 were c a r r i e d  ou t  under conven t io  
con tac t  time cond i t ions  s i m i l a r  t o  those  used i n  an e a r l i e r  s tudy .  
R e s u l t s  f o r  bo h t h e  n e a t  LGOS and HGOS a r e  i n  e x c e l l e n t  agreement w i t h  t h e  
e a r l i e r  data .  (45 

Comparison of runs 1 and 2 show t h e  e f f e c t  of convent ional  vs mi l l i s econd  
cond i t ions  on p y r o l y s i s  of n e a t  LGOS. These d a t a  enhancement i n  
s e l e c t i v i t y  t o  e thy lene  a s  desc r ibed  previously(’7ow ft: o p e r a t i o n s  a t  
i nc reased  temperature  and decreased con tac t  t i m e .  A s i m i l a r  comparison (Runs 
10 & 11) f o r  p y r o l y s i s  of heavy s h a l e  gas  o i l  (HGOS) w a s  precluded by t h e  r a p i d  
coking of t h e  r e a c t o r .  

P y r o l y s i s  of Shale-Petroleum Gas O i l  Blends: 

Gaseous Product:  

I n  runs No. 3 , 4 , 5 , 6  and 7 ,  b lends of an  Arabian l i g h t  gas  o i l  (LGOP) and s h a l e  
l i g h t  gas o i l  (LGOS) were pyrolyzed under c l o s e l y  i d e n t i c a l  o p e r a t i n g  
cond i t ions .  Conversion and product  y i e l d s  changed monotonical ly  i n  t h e  
mixtures  between those  for n e a t  LGOS and f o r  nea t  LGOP. F igu re  1 i l l u s t r a t e s  
t h e  changes i n  conversion and y i e l d s  of major gaseous products  f o r  t h e  
LGOS/LGOP feeds tock  blends.  Y ie lds  of major p roduc t s  f o r  t h e s e  b l ends  a r e  t h e  
a r i t h m e t i c  weighted average of t h e  y i e l d s  f o r  t h e  i n d i v i d u a l  f eeds tocks  i n  t h e  
blends.  Accordingly,  f u l l  y i e l d  b e n e f i t s  normally a t t a i n a b l e  from s e p a r a t e  
steam p y r o l y s i s  of s h a l e  LGO may be r e a l i z e d  by cocracking t h e  s h a l e  f e e d  wi th  
petroleum gas o i l  i n  an  e x i s t i n g  g a s  o i l  p y r o l y s i s  furnace.  S ince  t h e  s h a l e  
o i l  f eed ,  i n  t h i s  ca se ,  i s  i n t r i n s i c a l l y  poorer  i n  terms of e thy lene  y i e l d ,  a 
p r o p o r t i o n a l  pena l ty  i n  fu rnace  e t h y l e n e  c a p a c i t y  w i l l  ob t a in .  To some e x t e n t ,  
t h i s  pena l ty  can be compensated by i n c r e a s i n g  s e v e r i t y  o r  d e c r e a s i n g  
hydrocarbon p a r t i a l  p r e s s u r e ,  e.g. runs  no. 2 v s  3. 

Due t o  t h e  h ighe r  coking r a t e s  a t t e n d a n t  t o  t h e  p y r o l y s i s  of t h e  s h a l e  heavy 
gas  o i l  (HGOS), fewer da t a  a r e  a v a i l a b l e  for t h i s  feedstock.  F i g u r e  I1 
summarizes t h e  conversion and y i e l d s  of major gaseous products  f o r  coc rack ing  
HGOS/LGOP blends.  While t h e s e  d a t a  a r e  l i m i t e d  t o  blends a t  t h e  low end o f  t h e  
HGOS con ten t ,  e x t r a p o l a t i o n  t o  100% HGOS provides  an e s t i m a t e  y i e l d  t h a t  might 
be r e a l i z e d  from high s e v e r i t y  p y r o l y s i s  of nea t  HGOS. The e x t r a p o l a t e d  
results appear  r easonab le  i n  view of t hose  ob ta ined  from HGOS under  mi lde r  
cond i t ions  (Run 10). 

?tf 
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Liquid Products :  

Gasol ine and f u e l  oil become major p roduc t s  of o l e f i n s  product ion p rocesses  
when l i q u i d  hydrocarbon f eeds tocks  a r e  used in steam pyro lys i s .  These,  so- 
c a l l e d ,  co-products  comprise from 35-55 w t X  of t h e  f e e d  depending on f e e d  
p r o p e r t i e s  and p y r o l y s i s  cond i t ions .  Consequently,  t h e s e  l i q u i d  co-products 
e x e r t  a l a r g e  e f f e c t  on t h e  economics of naphtha and gas  oil p y r o l y s i s  f o r  bo th  
petroleum o r  s h a l e  oil derived feedstocks.  

With t h e  e x c e p t i o n  of a r e l a t e d  s t u d y  (4) which r e p o r t s  t h e  g a s o l i n e  and f u e l  
oil y i e l d s  from p y r o l y s i s  of s h a l e  oil d i s t i l l a t e s ,  no l i t e r a t u r e  e x i s t s  on t h e  
e f f e c t s  of o p e r a t i n g  c o n d i t i o n s  on y i e l d s  o r  on t h e  q u a l i t y  of t h e s e  l i q u i d  
products .  I n  t h e  p r e s e n t  work both of t h e s e  t o p i c s  were i n v e s t i g a t e d .  

Y ie lds  of b o i l i n g  range f r a c t i o n s  of t h e  p y r o l y s i s  l i q u i d s  as determined by gas  
chromatographic s imula t ed  d i s t i l l a t i o n  (GCSD) (ASTM method D-2887) a r e  
summarized i n  t a b l e s  I1 and 111. Gasol ine y i e l d  from LGOS appea r s  t o  be 
somewhat g r e a t e r  t han  t h a t  f o r  t he  petroleum gas o i l  s tud ied .  T h i s  r e s u l t  may 
no t  be un ique ,  however, s i n c e  p a s o l i n e  y i e l d  is known t o  depend on 
c h a r a c t e r i s t i c s  of va r ious  petroleum gas oils. It is of g r e a t e r  i n t e r e s t  t h a t  
t h e  y i e l d  of p o t e n t i a l  motor g a s o l i n e  appea r s  t o  change l i t t l e  wi th  e i t h e r  
p y r o l y s i s  s e v e r i t y  o r  w i th  composition of t h e  blended f eeds tocks .  S ince  
g a s o l i n e  y i e l d s  f o r  LGOS a r e  comparable t o  those  of petroleum feeds tock ,  i t  is 
of i n t e r e s t  t o  de t e rmine  t h e  q u a l i t y  of t h i s  f o r  u se  as motor f u e l .  A s p e c i a l  
gas  chromatographic  method was used t o  p rov ide  d a t a  needed f o r  c a l c u l a t i o n  of 
Research Octane Number (RON) of t h e  g a s o l i n e  f r a c t i o n  in t h e  p y r o l y s i s  l i q u i d  
from Run 19 (60% LGOSI40X LGOP). According t o  t h i s  method, a c u t t i n g  column is 
used t o  s e p a r a t e  t h e  gaso l ine  from t h e  h ighe r  b o i l i n g  m a t e r i a l s  which a r e  
d i sca rded  in a back f l u s h .  The g a s o l i n e  c u t  is f e d  t o  a c a p i l l a r y  column f o r  
q u a n t i t a t i v e  a n a l y s i s  and i d e n t i f i c a t i o n  of t h e  components in t h e  gasol ine.  
The Research Octane Number c a l c u l a t e d  from t h i s  C.C. a n a l y s i s  u s i n g  t h e  method 
of Anderson e t  a 1  ( 1 )  was found t o  be 99.4. 

L igh t  and heavy f u e l  o i l  y i e l d s  a r e  g r e a t e r  f o r  t h e  s h a l e  oil f eeds tocks  and 
t h e s e  vary l i n e a r l y  w i t h  composition f o r  t h e  blended f eeds tocks .  

Nitrogen D i s t r i b u t i o n :  

Shale  oil a s  w e l l  as i t s  d i s t i l l a t e  f r a c t i o n s  have a high con ten t  of o rgan ic  
n i t r o g e n ,  t y p i c a l l y  between 1 and 2 w t  percent .  S f n c e  n i t r o g e n  is a c a t a l y s t  
poison f o r  c u r r e n t  r e f i n e r y  ope ra t ions  and a de t r imen t  t o  l i q u i d  f u e l  p roduc t s ,  
most schemes f o r  u t i l i z a t i o n  of s h a l e  o i l  r e q u i r e  upgrading by seve re  
hydro t r ea t ing .  While steam c rack ing  ( a  non c a t a l y t i c  p r o c e s s )  is n o t  i n h i b i t e d  
by o rgan ic  n i t r o g e n ,  t h e  q u a l i t y  and hence t h e  va lue  of l i q u i d  p roduc t s  a r e  
adve r se ly  a f f e c t e d .  Typ ica l ly  in steam p y r o l y s i s  of l i q u i d  f eeds tocks  
approximately one h a l f  of t h e  f eed  is converted t o  gaseous p roduc t s  which 
con ta in  no o r g a n i c  n i t rogen .  I t  becomes ve ry  i n t e r e s t i n g  then  t o  determine t o  
what e x t e n t ,  i f  any, t h i s  g a s i f i c a t i o n  invo lves  net  den i t rogena t ion  of 
f eeds tock  and a l s o  t o  determine t h e  d i s t r i b u t i o n  of remaining n i t r o g e n  among 
t h e  l i q u i d  p roduc t s .  

Bo i l ing  range d i s t r i b u t i o n  of o rgan ic  n i t r o g e n  in t h e  LGOS f eeds tock  and in t h e  
p y r o l y s i s  l i q u i d  p roduc t s  from runs wi th  n e a t  LGOS (Run # R )  and w i t h  LGOS/LGOP 
blend (Run 19) were determined by gas  chromatography. R e s u l t s  a r e  i l l u s t r a t e d  
in Figure  111 and summarlzed in Table IV. 
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TABLE I V  

Nitrogen D i s t r i b u t i o n  in P y r o l y s i s  L iqu id  F r a c t i o n s  

Run No. 8 9 
W t X  of W t X  W t X  of W t X  

Feed N Feed N 

Liquid F r a c t i o n  

C5-218'C (Liquid o n l y )  17.0 2.34 17.9 0.26 
C -218°C To ta l  g a s o l i n e ( a )  21.7 1.83 21.6 0.22 
278-354"C Fuel  O i l  21.1 2.72 20.6 0.71 
354'C + Hy Fuel  O i l  11.9 4.08 10.7 4.23 

Whole Liquid Produ t 
% Nitroeen Balancefb)  

50.0 2.92 49.2 1.39 
98.6 72.5 

Apparent Den i t rogena t ion  X 1.4 27.5 

( a )  Inc ludes  C5,C6 g a s o l i n e  components con ta ined  i n  t h e  gas  samples. 

( b )  To ta l  Nitrogen in Liquid Products /N i n  Feed. 

In Ftgure  111, t h e  r e s u l t s  of gas  chromatographic de t e rmina t ion  of cumulat ive 
n i t rogen  con ten t  a s  a f u n c t i o n  of b o i l i n g  po in t  ( r e t e n t i o n  t ime)  is p l o t t e d  
a g a i n s t  t h e  analogous d a t a  f o r  cumulat ive carbon (GCST)) i n  t h e  l i q u i d  samples.  
In t h i s  way, t h e  r e t e n t i o n  t ime is e l i m i n a t e d  from t h e  p l o t  and a d i s t r i b u t i o n  
curve r e l a t i n g  t h e  n i t r o g e n  con ten t  w i th  t h e  carbon con ten t  is ob ta ined  in 
which t h e  s l o p e  of t h e  curve a t  any po in t  is t h e  concen t r a t ion  of n i t r o g e n  in 
t h e  f r a c t i o n  of t h e  sample b o i l i n g  below t h a t  po in t .  Thus a s t r a i g h t  l i n e  wi th  
u n i t  s l o p e  (45') i n d i c a t e s  uniform n i t r o g e n  concen t r a t ion  in a l l  f r a c t i o n s  of 
t h e  t o t a l  l i q u i d .  

Nitrogen in t h e  LGOS feeds tock  is f a i r l y  uniformly d i s t r i b u t e d  over  t h e  e n t i r e  
b o i l i n g  range (F igu re  111-a). The l i q u i d  produced from p y r o l y s i s  of n e a t  LGOS 
con ta ins  almost a l l  of t h e  o r g a n i c  n i t r o g e n  from t h e  feed and t h i s  n i t r o g e n  is 
a l s o  broadly d i s t r i b u t e d  over  t h e  b o i l i n g  range of t h i s  product (F igu re  TI-b). 
In t h i s  ca se ,  t h e r e  is a small t r e n d  toward i n c r e a s i n g  n i t rogen  c o n c e n t r a t i o n  
wi th  i n c r e a s i n g  b o i l i n g  range. 

A pronounced change in n i t r o g e n  d i s t r i b u t i o n  (F igu re  111-c) is found in t h e  
l i q u i d  product from c rack ing  a blend of LGOS and LGOP. In t h i s  ca se ,  t h e  
n i t r o g e n  concen t r a t ion  is s t r o n g l y  s h i f t e d  i n t o  t h e  h e a v i e r  p o r t i o n  of t h e  
py ro lysa t e  and a s i g n i f i c a n t  p a r t  of t h e  f e e d  n i t r o g e n  appears  t o  have been 
removed. P a r t i a l  den i t rogena t ion  by s team p y r o l y s i s  provides  a c l e a r  economic 
b e n e f i t  from cocracking s h a l e  o i l / p e t r o l e u m  blends.  Add i t iona l  b e n e f i t s  may be 
de r ived  from t h e  reduced n i t r o g e n  c o n t e n t  of t h e  g a s o l i n e  and l i g h t  f u e l  oil 
products  which, a l though  they  s t i l l  r e q u i r e  upgrading,  can be den i t rogena ted  
wi th  l e s s  s e v e r e  h y d r o t r e a t i n g  than  would be r e q u i r e d  f o r  den i t rogena t ion  of 
t h e  e n t i r e  f eeds tock  o r  t h e  p roduc t s  from s e p a r a t e  c rack ing  of LGOS. 
Di spos i t i on  of t h e  heavy f u e l  is an  e q u i v a l e n t  problem in e i t h e r  case .  I n  any 
even t ,  cocracking of s h a l e  o i l  and petroleum feeds tocks  o f f e r s  an  I n t e r e s t i n g  
a l t e r n a t i v e  t o  s e v e r e  h y d r o t r e a t i n g  of s h a l e  o i l .  
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Reactor Tube Wall Fouling: 

The high f o u l i n g  r a t e  e x h i b i t e d  by h e a v i e r  s h a l e  o i l  f r a c t i o n s  h a s  been 
i d e n t i f i e d  ( 4 )  as being t h e  major h u r d l e  t h a t  must be overcome in its 
u t i l i z a t i o n  as f eeds tock  f o r  o l e f i n s  product ion.  P a r t i a l  hydrotreatment  of t h e  
p y r o l y s i s  feed r e s u l t e d  in reducing t h e  f o u l i n g  r a t e  ( 4 )  but  not  t o  an 
accep tab le  l e v e l ,  e s p e c i a l l y  f o r  t h e  heavy gas  o i l  (HGOS). Severe 
hydrotreatment ,  on t he  o t h e r  hand, reduced f o u l i n g  adequately ( 5 )  but a t  
cons ide rab le  expense due t o  high hydrogen consumption and t h e  h igh  p r e s s u r e s  
r equ i r ed  ( 2 ) .  

I n h i b i t i o n  of t u b e  w a l l  coking i n  p y r o l y s i s  fu rnace  tubes  by coc rack ing  in t h e  
presence of a low coking hydrocarbon has  r e c e n t l y  been desc r ibed  ( 7 ) .  It has 
now been found t h a t  an analogous phenomenon occur s  in t h e  coc rack ing  o f  s h a l e  
gas  oils in admixture  wi th  a l o w  coking petroleum gas  o i l .  F i g u r e  IV i l l u s -  
trates t h i s  e f f e c t  f o r  bo th  t h e  HGOS/LGOP and LGOS/LGOP feed  blends.  With t h e  
a d d i t i o n  of l e s s  t han  40% LGOP t o  LGOS, t h e  f o u l i n g  r a t e  of t h e  f eeds tock  com- 
b i n a t i o n  is s u b s t a n t i a l l y  reduced and c l o s e l y  approaches t h e  r a t e  cha rac t e r -  
i s t i c  of t h e  petroleum gas  o i l  i t s e l f .  S u b s t a n t i a l l y  more LGOP must be added 
t o  suppres s  t h e  f o u l i n g  r a t e  of HGOS. Th i s  is in accord  wi th  t h e  i n t r i n s i c a l l y  
h ighe r  coking p r o p e n s i t y  of t h e  h e a v i e r  s h a l e  f eeds tock .  

While t h e  f o u l i n g  behaviour  of t h e  HGOS and LGOS blends wi th  LGOP in 
q u a l i t a t i v e  agreement wl th  t h e  coke i n h i b i t i o n  index  (CII) concept,(’S i t  
does no t  ag ree  q u a n t i t a t i v e l y  w i t h  t h e  c o r r e l a t i o n  developed f o r  petroleum 
feedstocks.  High o r g a n i c  oxygen and n i t r o g e n  c o n t e n t s  of t h e  s h a l e  l i q u i d s  
e x e r t  a p o s i t i v e  in f luence  on t h e i r  coking p r o p e r t i e s  a s  evidenced by t h e  
observed ( 5 )  d e c r e a s e  in coking r a t e  upon removal of t h e s e  heteroatoms. 

Accordfng t o  t h e  observed coking behav io r  of mix tu res  of s h a l e  and petroleum 
d i s t i l l a t e s ,  a c c e p t a b l y  low coking r a t e s  can be expected from b lends  con ta in ing  
s i g n i f i c a n t  q u a n t i t i e s  of s h a l e  l i q u i d .  Th i s  provides  an i n t e r e s t i n g  
a l t e r n a t i v e  t o  h y d r o t r e a t i n g  p r i o r  t o  py ro lys i s .  

CONCLUSIONS : 

Shale  o i l  d i s t i l l a t e s  may be a s u b s t i t u t e  f eed  f o r  o l e f i n s  product ion in high 
s e v e r i t y  p y r o l y s i s .  Cocracking in admixture  w i t h  s u i t a b l e  petroleum de r ived  
f eeds tocks  o f f e r s  a p o t e n t i a l  a l t e r n a t i v e  t o  c o s t l y  h y d r o t r e a t i n g  by p rov id ing  
p a r t i a l  d e n i t r o g e n a t i o n  of t h e  l i q u i d  f u e l  coproducts  as w e l l  a s  by l a r g e l y  
overcoming t h e  b a r r i e r  due t o  t h e  i n h e r e n t  excess ive  tube w a l l  f o u l i n g  
c h a r a c t e r i s t i c s  o f  t h e  s h a l e  o i l  l i q u i d s .  
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DETERMINATION OF HYDROGEN DONATING PROPERTIES OF COAL LIQUEFACTION PROCESS SOLVENTS 

Douglas W. L a t e r  and Donald M. Camaioni 

P a c i f i c  Northwest Laboratory  
Richland, Washington 99352 

INTRODUCTION 

The hydrogen donating p roper t i es  o f  so lvents  used i n  d i r e c t  coal l i q u e f a c t i o n  
processes are o f  key importance i n  determin ing conversion e f f i c i e n c i e s  and o v e r a l l  
product q u a l i t i e s .  The reduct ion o f  f luorenone t o  f l uo rene  a t  400°C has recen t l y  
been used i n  t h i s  l abo ra to ry  t o  study the hydrogen donat ing p roper t i es  o f  rocess 
so lvents  from d i f f e r e n t  d i r e c t  l i q u e f a c t i o n  technologies. Choi and Stock !1,2] have 
e luc idated the mechanism o f  the reduct ion o f  f luorenone by hydrogen donat ing com- 
pounds and have demonstrated the  u t i l i t y  o f  t h i s  reduc t i on  f o r  eva lua t i ng  the  hydro- 
gen atom t r a n s f e r  p roper t i es  o f  coal and coal macerals. 

The reduct ion reac t i on  f o r  f luorenone occurs i n  th ree  stages E l ] .  Stage 1 i s  a 
rad i ca l  process which produces 9-hydroxyfluorene as the  in termediate product. I n  
stage 2, t h i s  in termediate i s  transformed i n t o  b i s ( 9 - f l u o r e n y l )  e the r  by a non- 
rad i ca l  process. The e the r  decomposes i n  stage 3 t o  produce f luorene and f luorenone 
v i a  a rad i ca l  process. I n  the  study by Choi and Stock, i t  was shown t h a t  rad i ca l  
i n i t i a t o r s ,  such as benzyl phenyl t h i o e t h e r  or  coal ,  accelerate the react ions o f  
stages 1 and 3. The mechanisms o f  stages 1 and 3 are formulated i n  Scheme I. I n  
the  absence o f  i n i t i a t o r ,  a b imolecular  molecule-assisted homolysis reac t i on  [3-51 
between f luorenone and donor i n i t i a t e s  the reduc t i on  reac t i on :  

Reductions conducted i n  the  absence o f  added i n i t i a t o r s  measure t h e  a b i l i t y  o f  
t he  solvent t o  both i n i t i a t e  the  reduc t i on  and t r a n s f e r  hydrogen t o  rad i ca l s ,  
whereas reduct ions c a r r i e d  out i n  the presence o f  i n i t i a t o r s  serve t o  measure the 
hydrogen donor a b i l i t y  o f  the so lvent .  Thus, t h e  f luorenone reduct ion reac t i on  pro- 
vides a simple procedure t o  assess the  r e l a t i v e  a b i l i t i e s  o f  process so lvents  and 
solvent components t o  p a r t i c i p a t e  i n  these r a d i c a l  i n i t i a t i n g  and hydrogen t r a n s f e r  
react ions which are important t o  coal l i q u e f a c t i o n .  

EXPERIMENTAL 

SAMPLES 

Fluorenone was prepared by a i r  ox ida t i on  [ S I  o f  f l uo rene  ( A l d r i c h  Chemical) and 
was r e c r y s t a l l i z e d  from methanol t o  y i e l d  ma te r ia l  >99% pure as determined by 
c a p i l l a r y  column gas chromatography (GC). 
l i que fac t i on  technologies were used i n  these experiments: 
Coal (SRC)-I process so lvent ;  and (2)  a recyc le  pas t i ng  so lvent  from t h e  
Wi l sonv i l l e ,  AL i n teg ra ted  two-stage l i q u e f a c t i o n  (ITSL) process. The phys ica l  and 
chemical p roper t i es  o f  these ma te r ia l s  are discussed i n  d e t a i l  elsewhere [7,8]. 
B r i e f l y ,  the SRC- I  so lvent  had a b o i l i n g  range o f  480-850OF and the  ITSL past ing 
so lvent  was a 650°F+/sol id res ids  ma te r ia l .  These l i q u e f a c t i o n  ma te r ia l s  are from 

Process so lvents  from two d i r e c t  coal 
(1) a Solvent  Refined 
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developmental processes and should not  necessa r i l y  be considered representat ive o f  
f u t u r e  commercial coal l i q u e f a c t i o n  products. 

The crude so lvents  were each tes ted  i n d i v i d u a l l y  f o r  f luorenone conversion 
e f f i c i e n c y .  
by alumina adsorpt ion chromatography. D e t a i l s  o f  t h i s  procedure have been pre- 
v ious l y  repor ted [ S I .  
i n t o  four  chemical c lasses:  (1) a l i p h a t i c  hydrocarbons, (2)  neu t ra l  p o l y c y c l i c  
aromatic hydrocarbons (PAH), (3)  n i t rogen-con ta in ing  p o l y c y c l i c  aromatic compounds 
(N-PAC) and (4)  hydroxy lated PAH (Hydroxy-PAH). 

I n  a d d i t i o n ,  chemical c lass  f r a c t i o n s  o f  these ma te r ia l s  were obtained 

B r i e f l y ,  t he  crude coal l i q u e f a c t i o n  ma te r ia l s  were separated 

Fluorenone Reduction Reactions 

Fluorenone reduct ions were conducted a t  4OOOC f o r  1 h r  i n  sealed evacuated 
quar tz  tubes. Genera l ly ,  benzene so lu t i ons  o f  reactants  were prepared and a l i q u o t s  
were t rans fe r red  by m i c r o l i t e r  syringes t o  6 mn 0.d. quar tz  tubes ( 1  mn wa l l  t h i c k -  
ness), so as t o  p rov ide  50 uL t o t a l  volume con ta in ing  approximately 5 mg donor and 
0.025 m o l  f luorenone. Reactions w i t h  the  ITSL crude process so lvent  necess i ta ted 
weighing the ma te r ia l  d i r e c t l y  i n t o  the tubes due t o  i t s  i n s o l u b i l i t y  i n  benzene. 
Loaded reac t i on  tubes were freeze-thaw degassed on a vacuum l i n e  p r i o r  t o  flame 
sea l i ng  and the rmos ta t i ng  i n  a Tecam SB-4 f l u i d i z e d  sandbath w i t h  TC4D temperature 
con t ro l  1 er .  

Q u a n t i t a t i v e  Analyses 

c a p i l l a r y  column GC. A Hewlett-Packard (HP) model 5880A gas chromatograph equipped 
w i t h  a 30 m x 0.25 mn i.d. fused s i l i c a  DB-5 (JAW S c i e n t i f i c )  c a p i l l a r y  column was 
used. The s p l i t l e s s  i n j e c t i o n  technique was used f o r  sample i n t r o d u c t i o n  i n  
conjunct ion w i t h  an HP7671A auto sampling device. Each sample was analyzed i n  
t r i p l i c a t e  us ing a f lame i o n i z a t i o n  de tec to r  w i t h  peak response in fo rma t ion  s tored 
and manipulated by the HP5880 microprocessor-contro l led i n t e g r a t o r .  
thracene was added t o  a l l  r eac t i on  products at  a concentrat ion o f  100 ng/uL and was 
used as i n t e r n a l  s tandard f o r  a l l  GC q u a n t i t a t i v e  analyses. Ca lcu la t i ons  f o r  the 
conversion o f  f luorenone t o  f l uo rene  were done on a mole bas is  w i t h  the conversion 
amounts repor ted f o r  f l uo rene  as a percentage o f  t h e  i n i t i a l  f luorenone present i n  
t h e  reaction. This  va lue was then adjusted t o  r e f l e c t  a weight-normalized conver- 
s i o n  based on a 5 mg q u a n t i t y  o f  coal l i q u i d  used i n  the f luorenone reduct ion 
reaction. Rep l i ca te  analyses were performed w i t h  t h e  mean and standard dev ia t i on  
reported i n  Table 1. Recovery percentages were a l so  ca l cu la ted  and reported. 

Q u a n t i t a t i v e  analyses o f  the f luorenone reac t i on  products were performed by 

2-Chloroan- 

RESULTS AND D I S C U S S I O N  

The conversion y i e l d s  f o r  the reduct ion o f  f luorenone t o  f luorene by the crude 
process so lvents  and t h e i r  chemical c lass  f r a c t i o n s  are presented i n  Table 1. 
comparison, 9,lO-dihydroanthracene was run and was observed t o  produce a 21*2% 
conversion o f  f luorenone; t h i s  i s  i n  c lose agreement w i t h  the r e s u l t s  o f  Choi and 
Stock fo r  t he  same compound [1,2]. Recoveries o f  f luorenone p lus f luorene were 
greater  than 90% f o r  t h e  un f rac t i ona ted  process so lvents  i n d i c a t i n g  t h a t  l i t t l e  
adduction o f  i n te rmed ia te  fluorene-based r a d i c a l s  w i t h  so lvent  cons t i t uen ts  had 
occurred. The a l i p h a t i c  hydrocarbon and n e u t r a l  PAH f r a c t i o n s  showed recover ies 
s i m i l a r  t o  the  crudes; g rea te r  than 85%. 
lower recover ies (70-802). which suggests t h a t  adduction o f  f luorenone reduct ion 
in termediates w i t h  N-PAC (A3) and hydroxy-PAH (A4) components occurred under these 
reac t i on  condi t ions.  
t i o n s  l i k e l y  d i v e r t  the reduct ion reac t i on  producing f l uo reny l  adducts t o  the  

For 

Rut, the more po la r  cons t i t uen ts  exh ib i t ed  

I o n i c  react ions o f  the 9-hydroxfluorene w i t h  these po la r  f rac -  
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e 

I 

ac t i va ted  aromatic r i ngs .  
phenone i n  the presence of phenol l ead  t o  diphenylmethylphenols and o the r  s ide  
products. 

(88%) from the  new generation two-stage l i q u e f a c t i o n  technology. 
composit ion o f  the process so lvents  i nves t i ga ted  i n  these experiments have been 
character ized and compared p rev ious l y  [7]. 
t h e i r  r e l a t i v e  chemical c lass  compositions. The ITSL mate r ia l  contained a wide 
range of h igh b o i l i n g ,  h igh molecular weight cons t i t uen ts  wh i l e  the S R C - I  process 
so lvent  had in termediate b o i l i n g  p o i n t  and molecular weight ranges. 
recyc le  pas t i ng  so lvent  contained the  h ighest  l e v e l s  o f  a l i p h a t i c  hydrocarbons and 
had the lowest combined l e v e l s  o f  n i t rogen  and oxygen heteroatomic PAH. Fu r the r -  
more, from d e t a i l e d  chemical analyses by GC and GCMS [7,8], hydroaromatic compounds 
such as dihydropyrene, which are known t o  be exce l l en t  hydrogen-donating compounds, 
were major cons t i t uen ts  o f  t he  ITSL process so lvents .  

I f  the  r e l a t i v e  conversion y i e l d s  f o r  t he  d i f f e r e n t  chemical classes are com- 
pared f o r  a given coal l i q u e f a c t i o n  so lvent  (see Table l ) ,  t he  chemical c lass  pro- 
ducing the  lowest conversion was the  a l i p h a t i c  hydrocarbon f r a c t i o n  (A1), fo l lowed 
by the neu t ra l  PAH i s o l a t e  (A ). The N-PAC (A3) and hydroxy-PAH (A4) classes pro- 
vided the  h ighest  y i e l d s  f o r  $he conversion o f  f luorenone t o  f luorene. Hence, i t  i s  
apparent t h a t  the p o l a r  cons t i t uen t  o f  coal l i q u e f a c t i o n  process so lvents  p a r t i c i -  
pate we l l  i n  both the rad i ca l  i n i t i a t i n g  and hydrogen donat ing steps shown i n  
Scheme I .  This observat ion i s  cons is tent  w i t h  model s tud ies which showed t h a t  
1,2,3,4-tetrahydroquinoline produced h igher  conversions t o  f luorene than t e t r a l i n  o r  
9.10-dihydroanthracene C1.23. Thus, the reduced l e v e l s  o f  N-PAC i n  t h e  SRC I versus 
the  ITSL process so lvent  i s  one poss ib le  reasons f o r  t he  r e l a t i v e l y  lower conversion 
y i e l d s  observed f o r  t he  SRC I mate r ia l .  

(A2) o f  these two process so lvents  was observed. It was the re fo re  o f  i n t e r e s t  t o  
compare the  chemical/physical p roper t i es  o f  these i so la tes .  The neu t ra l  PAH i so -  
l a t e s  o f  the SRC-I process ma te r ia l  d isp layed only  a 7% conversion y i e l d ,  Th is  
i s o l a t e  was most ly  2- t o  5 - r i ng  parent PAH w i t h  r e l a t i v e l y  low l e v e l s  o f  a l ky la ted  
and hydroaromatic PAH [9]. 
pas t i ng  so lvent  had a h igher  f luorenone conversion y ie?d.  44%, 
character ized by h igh  l e v e l s  o f  a l k y l a t e d  PAH and hydroaromatic compounds. 
molecular weight o f  t h i s  i s o l a t e  was much h ighe r  than the SRC I process so lvent  
[7]. 
was responsible f o r  t h e  s h i f t  t o  h igher  average molecular weight. 
r i n g  systems prov ide greater  resonance s t a b i l i z a t i o n  o f  r a d i c a l s  de r i ved  from PAH 
components o f  t h i s  f rac t i on .  
cause lower energies o f  a c t i v a t i o n  (E ) f o r  i n i t i a t i o n  and hydrogen t r a n s f e r  
react ions which equates w i t h  increases reac t i on  ra tes  and h ighe r  conversions. 

Choi and Stock [l] observed t h a t  reduct ions o f  benzo- 

The S R C - I  so lvent  .showed lower conversion (38%) than the ITSL process so lvent  

Table 2 provides i n fo rma t ion  regard ing 

The chemical 

The ITSL 

Considerable v a r i a b i l i t y  i n  the conversion y i e l d s  o f  t he  neu t ra l  PAH f r a c t i o n s  

The neu t ra l  PAH i s o l a t e  ( A  ) from the ITSL recyc le  
and was 

The mean 

The presence o f  s i g n i f i c a n t  l e v e l s  o f  greater  than 5 - r i n g  PAH i n  t h i s  i s o l a t e  
Larger  aromatic 

Greater  resonance s t a b i l i z a t i o n  energies o f  r a d i c a l s  

SUMMARY 

I n  summary, i t  i s  ev ident  from the data presented i n  t h i s  paper us ing t h e  
f luorenone-f luorene conversion model system t h a t  comparative assessments o f  recyc le  
so lvents  w i th  d i f f e r e n t  chemical and phys ica l  p roper t i es  are poss ib le .  The po la r  
const i tuents  o f  these process ma te r ia l s ,  the N-PAC and hydroxy-PAH, appeared t o  be 
the most e f f i c i e n t  rad i ca l  i n i t i a t o r s  and hydrogen donators. The e f fec t i veness  o f  
neu t ra l  PAH chemical f r a c t i o n s  as reductants was dependent on the amounts o f  
a l ky la ted  and hydroaromatic compounds present, as we l l  as the  s i ze  d i s t r i b u t i o n  o f  
aromatic r i n g  systems which make up the f r a c t i o n .  The ITSL neu t ra l  PAH f r a c t i o n  
show& a b e t t e r  conversion e f f i c i e n c y  than t h e  analogous SRC- I  f r ac t i on .  The addi- 
t i o n  of a rad i ca l  i n i t i a t i n g  agent, such as coal, i s  expected t o  a l t e r  t h e  net  
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fluorenone conversion e f f i c i e n c i e s  o f  these crude so lvents  and so lvent  f rac t i ons ,  
presumably t o  r e f l e c t  r e l a t i v e  hydrogen donat ing a b i l i t i e s .  
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TABLE 1. Conversion of Fluorenone t o  Fluorene by Two Coal L iqu ids  and 
The i r  Chemical F rac t i ons  

Sample F rac t i on (a )  % Conversion(b) % Recovery(c) 

SRC-I Process Solvent :  Crude 

A 1  
A2 

A3 
A4 

A 1  

A2 
A3 

A4 
Fluorenone Only --- 

ITSL Recycle Pas t i ng  Solvent: Crude 

38 f 2 
I f 1  

7 f l  

45 f 4 

43* 
88 f 1 

9 f 3  

44 f 11 
65* 

57 f 1 
0 

91 

89 

95 

18 
81* 

97 

86 

91 

82* 
78 

85 

(a) Key: A = a l i p h a t i c  hydrocarbons; A2 = neu t ra l  PAH; A3 = N-PAC; and 

(b)  

( c )  

* Single po in t  determinat ion.  

A4 = hyhoxy-PAH. 
% conversion i s  q u a n t i t y  o f  f luorene i n  moles versus the i n i t i a l  f luorenone 
quan t i t y  normalized t o  5 mg o f  sample. 
% recovery i s  t he  sum of both f luorene and f luorenone as compared w i t h  the 
i n i t i a l  f luorenone quan t i t y .  

TABLE 2. Comparative Chemical Class Composition o f  Process Solvents 
from Two D i f f e r e n t  D i r e c t  Coal L ique fac t i on  Technologies 

A1 i p h a t i c  Neutra l  PAH/ 
Hydrocarbons Hydroaromatic N-PAC Hydroxy-PAH 

SRC-I  Process Solvent 13.9 47.5 13.5 25.1 

ITSL Recycle Pas t i ng  Solvent  25.9 4 1  .O 21.1 12.0 
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THE KINETICS OF CATALYTIC HYDROGENATION OF 

POLYNUCLEAR AROMATIC COMPONENTS IN 
COAL LIQUEFACTION SOLVENTS* 

H. P. Stephens and R. J. Kottenstette 

INTRODUCTION 

Although the importance of polynuclear aromatic hydrocarbons 
(PAHs) as hydrogen transfer agents in coal liquefaction has 
been well established (1,2), there have been few studies of the 
kinetics of the formation of hydroaromatic donor forms by 
catalytic hydrogenation. This paper presents the results of 
hydrogenation experiments performed with single component PAH 
solutions in an inert solvent and with a complex, 
multicomponent coal-derived liquid. The rate of hydrogenation 
of one PAH component found in coal-derived liquids, pyrene, was 
followed and used to illustrate the impact of reaction 
conditions on the kinetics and thermodynamics of catalytic 
hydrogenation of PAHs in liquefaction solvents. The results 
show that the catalytic hydrogenation behavior of PAHs in 
complex coal-derived liquids is analogous to that of a single 
component system. In addition, this study clearly demonstrates 
PAHs in coal-derived liquids can be auantitatively hydrogenated 
to donor-solvent products at temperatures as low as 100OC. 

EXPERIMENTAL 

To establish the thermodynamic behavior of the hydrogenation of 
pyrene to 4,5-dihydropyrener reactions were performed over a 
wide range of conditions: temperatures from 275 to 40OoC and 
pressures from 500 to 2000 psig. Subsequent kinetic 
experiments with pyrene and the coal-derive2 liquefaction 
solvent were performed at 100 and 30OoC and hydrogen pressures 
of 100 and 500 psig. 

Materials 

Pyrene and n-hexadecane, an inert solvent for the pyrene 
experiments, were used as received from Aldrich Chemical 
Company. The coal-derived liquid studied was a hydrogenated 
Koppers creosote oil used as a start-up solvent in pilot 
two-stage coal liquefaction experiments (3). Prior to use, it 
was catalytically dehydrogenated under nitrogen at 425OC. This 
converted all but approximately 10% of the hydropyrenes to 
pyrene. Two catalysts were employed for these experiments. 
Shell 324 M, a Ni-Mo/Alumina catalyst currently used in the 
second stage of integrated two-stage pilot plant operations 
( 4 ) ,  was added in its presulfided form to experiments at 275OC 
and above. Because Shell 324 has a low activity at 
temperatures below 25OoC, reactions performed at 100°C were 

This work supported by the U. S. Department of Energy at 
Sandia National Laboratories under contract DE-AC04-76DP00789. 



catalyzed with a novel catalyst under development, palladium 
hydrous titanate (5,6). Both catalysts were added to the 
reactors as - 2 0 0  mesh powders. High purity hydrogen was used 
in all experiments. 

Apparatus and Procedure 

Batch reactions were performed in stainless steel microreactors 
( 7 ) ,  equipped with thermocouples and pressure transducers. 
Four reactors could be operated simultaneously. After the 
reactors were charged with the reactants and catalyst, they 
were pressurized with hydrogen and heated to temperature 
(heat-up time % 1 min) in a fluidized sand bath while being 
horizontally shaken at 160 cycles/min. Temperatures and 
pressures were recorded with a digital data acquisition system 
during the course of the experiments. Following the heating 
period, the reactor vessels were quenched (time of quench % 10 
sec), and the products were removed for analysis. 

A separate set of experiments was used to establish that 
catalyst particle size and reactor agitation rate were 
sufficient to prevent reaction rate retardation due to mass 
transfer limitations. It was estimated from reactor heat-up 
and quench rates that time at temperature could be determined 
to within 0.5 min. Temperatures and pressures were maintained 
at the nominal values to within 5 2OC and 5 20 psig 
respectively. 

Product Analyses 

The products were washed from the reactor with toluene, 
filtered to remove catalyst and transferred to a volumetric 
flask. Following the addition of internal standards, 
2-methylnaphthalene f o r  the hydrogenation of pyrene in 
n-hexadecane and n-tridecane for the creosote oil experiments, 
the product solutions were brought to a known volume and 
analyzed by gas chromatography. 

Packed column chromatography [Hewlett-Packard 5840A with flame 
ionization detection (FID)] was sufficient for analysis of the 
products from the pyrene reactions. Column and chromatographic 
conditions were: 1/8 in x 10 ft. column with Supelco 10% 
SP-2100 on 100 /120  Supelcoport, 2 2 0 0 ~ ~  20  cm3/min nitrogen 
carrier gas. However, separation of the product components of 
the creosote oil experiments required high-resolution 
chromatography (Hewlett Packard 5880A with FID) and a capillary 
Column: 0 . 2  mm ID x 30 m long SE 54; 0.56 cm3/min helium 
carrier flow; 1OO:l split ratio injection; and a temperature 
ramp from 1 2 0  to 27OOC at 2OC/min. 

Gas chromatography/mass spectrometry techniques were used to 
identify the order of elution of pyrene and hydrogenated 
products. An external standard consisting of a solution of the 
internal standard, pyrene, n-hexadecane and 1 ,2 ,3 ,6 ,7 ,8 -  
hexahydropyrene was used to establish FID response factors 
relative to the internal standards. The weights (W) of each 

i 
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component of the product mixture were calculated from the 
chromatograph area (A), the response of the standard ( R s )  and 
the relative response factor (Rr): 

W z R r  * R s  A 

RESULTS AND DISCUSSION 

Thermodynamic Behavior 

Qualitative aspects of the hydrogenation of pyrene in 
n-hexadecane at the higher temperatures of this study can be 
observed in Figure 1, a plot of the ratio of 4,5-dihydropyrene 
(H2Py) to pyrene (Py) concentration as a function of time for 
experiments performed at 300OC and 500 psig. As can be seen, 
[H2Pyl/[Pyl approaches a constant value which indicates that 
hydrogenation proceeds by a reversible reaction: 

H2PY 
kl 

H2 + PY \ k-l ' 
Thus, the maximum (equilibrium) concentration of dihydropyrene 
[HzPy], which can be formed is limited by the hydrogen 
pressure P and the value of the equilibrium constant Kp for 
the reaction: 

IH2PYIe = P Kp[PYle 

Results of the experiments at 300OC and 500 psig with creosote 
oil, Figure 2, have established that the dihydropyrene to 
pyrene ratio exhibits a similar, though much slower, approach 
to an equilibrium value. 

Results of more than 50 catalytic hydrogenation experiments 
with pyrene over a wide range of temperatures (275 to 40OoC), 
hydrogen pressures (500 to 2000 psig) and reaction times ( 5  to 
120 minutes) have established the temperature dependence of 
Kp, as calculated from the pressures and equilibrium 
concentration ratios of [H~Pyle to [Pyle: 

A van't Hoff plot of these values is given in Figure 3 .  Linear 
regression of the data yields the temperature (degrees Kelvin) 
dependence of Kp for the hydrogenation of pyrene to 
dihydropyrene: 

5330 In K = - - 15.86 
P T  

Extrapolation of this equation shows that low temperature 
hydrogenation greatly favors the formation of dihydropyrene. 
For example, consider hydrogenation at 500 psig and two 
temperatures 4OO0C and 100OC. Although conversion of pyrene to 
dihydropyrene is limited to 15% at 4 0 O o C ,  equilibrium 
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conversion at 1 0 0 ° C  is greater than 99%.  Thus, at high 
temperatures pyrene hydrogenation is a reversible process, 
while at low temperatures, it is essentially an irreversible 
process. In addition, higher values of Kp at low 
temperatures permit a substantial reduction in hydrogen 
pressure to achieve comparable or better conversions. 

Kinetics 

For reversible reactions, the approach to equilibrium can be 
modeled as a first-order process with an effective rate 
constant equal to the sum of the forward and reverse rate 
constants (8) : 

( k l + k - l  1 t 'e In - = x e -Xt 
where Xt and Xe are the extents of reaction at time t and 
at equilibrium. For pyrene 

[ H2PY 1 
Xt = [Pylt + [H2Pylt 

and 
P K  
=P 

P 'e ~ + P K  

Figure 4 shows a plot of In (Xe/(Xe-Xt)) vs time at 3 O O O C  
and 500 psig for the hydrogenation of pyrene in n-hexadecane 
and Figure 5 shows a similar plot for the hydrogenation of 
pyrene in creosote oil. As can be seen, although the rate of 
hydrogenation of pyrene in the complex solvent may be modeled 
by pseudo first-order reversible kinetics, the rate constant on 
a catalyst weight basis is two orders of magnitude smaller. 
This can be attributed to the presence of many other species in 
the creosote oil which compete with pyrene for active sites on 
the catalyst. 

That catalytic hydrogenation of pyrene proceeds by an 
essentially irreversible reaction path at low temperatures is 
demonstrated by the results of experiments with pyrene in 
n-hexadecane catalyzed with palladium hydrous titanate at 1 0 0 ° C  
and 100 psig. Two major products, 4,5-dihydropyrene (H2Py) 
and 4,5,9,10-tetrahydropyrene (H4Py) are formed under these 
conditions. Initial experimentation showed that althouqh the 
concentration of H4Py increased monotonically with reaction 
time, the concentration of H2Py reached a maximum, then 
decreased. Because this behavior indicates an irreversible 
series reaction path, 

k2 
PY H2PY 1 H4PY 
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the results of additional experiments ( %  conversion to HzPy 
vs % conversion to HqPy) were plotted on a series reaction 
diagram, Figure 6 .  An excellent fit of the data to a 
hyperbolic series reaction path expression was obtained: 

Y + S ( X - 1 0 0 )  = S(Y+X-100)~/S, s f 1 
where y = % conversion to H2Py 

X = % conversion to H4Py 
S = selectivity = kl/k2 = 1.5 

Therefore, the rate of disappearance of pyrene can be modeled, 
as shown by Figure 7 ,  by irreversible first-order kinetics: 

DYl, 
In '[pylo = 

where [Pyla is the initial concentration of pyrene. 

That pyrene in a complex liquefaction solvent can be 
hydrogenated irreversibly at low temperatures was demonstrated 
by hydrogenation of creosote oil at 100°C and 500 psig for 30 
minutes with palladium hydrous titanate catalyst. No pyrene 
could be detected in the hydrogenated creosote oil following 
the reaction. It was completely converted to hydrogenated 
products. 

CONCLUSION 

The ultimate application of this study is to provide guidance 
for establishing optimum conditions for hydrogenation of coal 
liquefaction process solvents. The results presented here show 
that high temperature catalytic hydrogenation of PAH hydrogen 
donor precursors such as pyrene is reversible and that the 
maximum conversion to dihydropyrene is thermodynamically 
limited by a low value for the equilibrium constant Kp. 
Because a higher value of K at low temperatures favors 
formation of the hydroaromafic product, conversion at low 
temperatures is kinetically limited. However, advantages of 
low temperature hydrogenation include quantitative conversion 
of PAHs to hydroaromatics and a substantial reduction of the 
hydrogen pressure. Additionally, this study has clearly 
demonstrated that satisfactory hydrogenation rates at low 
temperatures may be achieved by using more active catalysts, 
such as palladium hydrous titanate. 
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nGURE 1. CH Pyl/CPyl vs. time for hydrogenation 

of pyrene (100 rng) in n-hexodecane 
(1.0 g), 300 C. 500 psig. 15 rng 324M 
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flGURE 2. [ H  Pyl/CFyl vs. time for hydropenotion 

of dehydrogenated creosote oil (1.0 9). 
500 C. 500 psip. 100 mg 324M 

nGuRE 3. van't Hoff plot for hydrogenotio: of 
pyrene to dihydropyrene. 275 to 400 C 
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FIGURE 4. Pseudo hat-order reversible kinetic 
plot for hydrogenation of pyrene in 
n-hexodecone 
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FIGURE 5. Pseudo first-order reversible kinetic 
plot for hydrogenotion of pyrene 
in dehydrogenated creosote oil 
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FIGURE 6. Series reoction diagram for hydrogenation 
of pyrene to di- ond tetrohydropyrenes. 
100 C. 100 psig 

X CONVERSION TO TETRAHYDROPYRENE 

RGURE 7. Irreversible kinetic plot for hydrogenotion 
of pyrene (100 rng) in n-hexodecane ( lg) .  
100 C. 100 psig. 18 rng Pd titonate 
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COAL LIQUEFACTIffl WITH 13C LABELLED CARBON lloNOXIOE 

S.A. Farnum. A.C. Wolfson, O.J. M i l l e r ,  
G.E. Gaides. and D.D. Messick 

U n i v e r s i t y  o f  North Dakota Energy Research Center 
Box 8213, U n i v e r s i t y  S t a t i o n  

Grand Forks, North Dakota 58202 

Low-rank coals  may be success fu l l y  l i q u e f i e d  under pressure using CO o r  mix tures of 
CO and H 0 o r  CO and H Fol lowing a suggestion i n  t h e  l i t e r a t u r e  i n  1921 (l), 
Appel ad?  Wender i n  1 9 8 ' r e p o r t e d  conversions o f  bo th  bituminous coal and l i g n T t e  
w i t h  CO/H20 (2) .  The r e a c t i o n  w i t h  l i g n i t e  was found t o  be rap id ,  conve r t i ng  1:l 
l i g n i t e / H  0 tr benzenesoluble t a r  p l u s  gases i n  87% y i e l d  (maf) coal a t  2,000 p s i  
i n i t i a l  C?I pressure and 30°C. Successful continuous l i q u e f a c t i o n  o f  l i g n i t e  i n  a 
Process Development Uni t  f o r  28 day runs was demonstrated by Severson and cc-workers 
a t  t h e  Un ive rs i t y  o f  Nor th Dakota Chemical Engineering Department's P ro jec t  L i g n i t e  
(3, 3). 
(syngas) a t  about 440°C and 2,500 psig. The heavy product prepared was ca l l@% 
"Solvent-Refined L i g n i t e " ,  SRL. Batchelder and Fu evaluated some o f  t h e  syngas 
technology i n  1979 with respect t o  process canmerc ia l i za t i on  (5 ) .  

The U n i v e r s i t y  o f  Nor th Dakota Energy Research CentFr has continued t o  
i nves t i ga te  low-rank c o a l  l i q u e f a c t i o n  using mixtures con ta in ing  CO. The use o f  H2S 
along w i t h  syngas has resu l ted  i n  much improved processing (6). Recently. low 
temperature reac t i ons  (below 400°C) us ing  CO as t h e  reductant have shown exceptional 
pranise (7). 

Several mechanisms f o r  reduc t i on  reac t i ons  w i t h  CO have been proposed. Previous 
s tud ies a t  UNDERC have shown t h a t  CO apparently reac ts  m r e  r a p i d l y  w i t h  coal than 
does H , and t h a t  t h e  amount o f  CO t h a t  reac ts  increases as more as-received l i g n i t e  
i s  ad& (I). Whether t h e  CO reac ts  d i r e c t l y  w i t h  t h e  coal organic s t r u c t u r e  o r  
w i t h  the water i n  t h e  coal t o  produce H The c a t a l y t i c  e f fec t  
o f  coal ash on t h e  s h i f t  reac t i on  (CO 1 KO - C02 + H2) may also be a s i g n i f i c a n t  
f ac to r .  F i n a l l y ,  i t  has been suggested tha% hydrogen formed f r a n  c l o s e l y  bound coal 
water may be e s p e c i a l l y  a c t i v e  "nascent hydrogen" (2. 2). 

We c r i e d  out a h i g h  temperature study o f  t h e  r e a c t i o n  o f  i s o t o p i c a l l y  l a b e l l e d  
syngas ( CO/H2) with a Texas l i g n i t e  a t  450°C and 3400-3700 ps i  i n  coal -der ived 
so lvent  (10). This s tudy was designed t o  determine t h e  amount o f  CO incorpp5at ion 
i n t o  t h e  - d i s t i l l e d  products and hydrocarbon gases. C us 
seen, thus e l i m i n a t i n g  Fischer-Tropsch type react ions,  and d i r e c t  i nco rpo ra t i on  
I$act ions,  such as ca rbony la t i on  react ions.  The on ly  l abe l  l e d  product found was 

CO2. A t  that t i m e  we d i d  not examine t h e  i nso lub le  products f o r  13C 
incorporat ion.  

The present study was designed t o  i n v e s t i g a t e  low temperature react ions o f  three 
coa ls  of d i f f e r i n g  rank, B ig Brown Texas l i g n i t e ,  Wyodak subbituminous, and Porhatan 
bituminous coal, w i t h  pure CO. The cond i t i ons  chosen a lso provide base l i ne  data 
s imulat ing t h e  f i r s t  stage i n  a two-stage l i q u e f a c t i o n  process. Addi t ional  
development f a n a l y t i c a l  methods insured t h a t  each p a r t  o f  the product could be 

%/% r a t i o s  i n  each gaseous ca rbobcon ta in ing  product by GC/MS. 

Experimental 

Reactions were c a r r i e d  out i n  a m u l t i p l e  m in i reac to r  assembly designed f o r  
simultaneous use o f  up  t o  twelve 22 mL tubes. The s ta in less  s t e e l  tubes each 
contained a s t a i n l e s s  s tee l  s t i r r i n g  bar  which mixed s l u r r y  and gases khen the 
assembly was ag i ta ted  i n  a f l u i d i z e d  sand bath. F i ve  grams o f  a 40% as-received coal 
S l u r r y  i n  a coal -der ived recyc le so lvent  d i s t i l l a t e  was charged. Label led gas. 50/50 

During these runs t h e  we t ,  as-received coal was processed w i t h  50/50 CO/H 

i n  situ, i s  unknown. 

45 
No inco rpo ra t i on  o f  t h e  

am' ed forq3C i n c o r p o r a t i o n  and t h e  gases were more c a r e f u l l y  analyzed f o r  
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13CO/C0, o r  unlabelled CO gas was introduced, via a manifold system, t o  a pressure 
of 1,000 psig cold. The assembly was lowered in to  the  bath preheated to  the  
selected temperature, 300", 340°, o r  380°C f o r  1 h o u r ,  rapidly quenched t o  roan 
temperature, and allowed t o  equilibrate.  Gas weight was obtained by collecting the  
gas in a preweighed evacuated banb of known volume relative t o  the reaction 
vessel. 

The analysis scheme used i s  outlined in j g y f  1. Gas analyses were perfoned 
using an automated refinery gas analyzer and [C/ C r a t io s  for the  gaseous products 
were obtained using capillary GC/MS. 

A portion of the recovered product was extracted with tetrahydrofuran ( T H F )  and 
a second portion was microdistilled. A th i rd  portion of the  recovered product was 
extracted with CH C1 yf the solvent was renoved with a rotary evaporator a t  roan 
temperature. A 58 Mt?z C NMR spectrum was obtained for t he  CH2C12 soluble fraction 
using a gated pulse sequence w i t h  the  decoupler on only during data acquisition. 
Samples in C02C12 w i t h  TMS and C ~ ( A C A C ) ~  present were pulsed about two hours until 
the signal t o  noise ra t io  was adequate. These spectra were canpared with those of 
samples from reactions performed in the same manner w i t h  unlabelled CO. The CH2C12 
insoluble produ s were examined by 50 MHz Cross Polarization/Magic Angle Spinning 
(CP/MAS) solid f5C NMR employing to ta l  sideband suppression using TOSS dephasing and 
foldback pulsing before acquisition (11). These spectra were also canpared with 
those of products from reactions r u n  at-he same time w i t h  unlabelled CO. 

Results and Discussion 

The weights of product gas ,  THF insolubles, d i s t i l l a t i o n  residue, water, and a s h  
were used o calculate conversions for  these reactions. For the  purpose of t h i s  
experiment '3C0 and CO were assuned t o  react a t  the  same ra t e  so t h a t  labelled and 
unlabelled runs could be averaged to  obtain yield structures (Table I ) .  The low- 
rank coals gave be t te r  conversion a t  3OOOC b u t  the  Powhatan bituminous coal gave 
better conversions a t  340' d 380°C. 

t o  give eas i ly  recognizable labelled 
yjoducts because the natural abundance o f  i s  only 1.1%. 

C should double the  signal. When identical samples fo r  runs with unlabelled CO 
a r e  can red, an incorporation of only 0.5% should be recognized without d i f f icu l ty .  

ThePP3C spectra of the soluble and the insoluble products of labelled reactions 
were carefully canpared with those r u n  w i t h o u t  labelled CO. No differences were 
seen for any of the three coal products a t  300", 340'. or 380°C. A canparison of 
the  CH C1 insoluble solid spectra fran runs using labelled and unlabelled CO a r e  
shown ,2n Figure 2. 

Gas analyses fo r  sel ted ru by cap la ry  GC/MS and GC were used t o  
determine the r a t io s  of ?'CO t o  " C ~ n ~ ~ z 5 % 0  t o  l h C O  and the number of moles of 
each isotopic canpound in the product. mo5es of C02 tha t  was produced 
from CO was easily calculated since a 50% labelled '&O was used. The remaining COP 
produced was assumed t o  a r i s e  from the  coal,  t he  only other carbon source present. 
The number o f  moles of H2 found in the  product was less  than 1/5 the  moles of C02 
formed frcm CO during the reaction of the two low-rank coals a t  300°C. However, 
during reaction o f  the bituminous coa l ,  Powhatan ( P O W l ) ,  l e ss  C02 was formed from 
the CO added (Figure 3) .  possibly because the number of moles of water present in 
the charged coal,  POW1, was much smaller, h i c h  could limit the  s h i f t  reactions 
d u r i n g  the POWl liquefaction a t  300°C. The absence of coal moisture does not, 
however, limit the conversion of POWl by CO a t  higher temperatures, since water may 
be released by coal thermolysis a t  340" ard 380°C which could react readily with CO 

Tracer reactions w i t h  '%O a r e  expec 
An incorporation of 1% 

The nuke, 

(12). 
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Table I .  M u l t i p l e  M in i reac to r  Reactions o f  CO With 40% Coal S l u r r i e s  f o r  60 Minutes 
- 

Average Y ie ld  ( w t  % o f  maf coal  ) 
No. Runs Temperature, Soluble Average 
Averaged Coal "C Conversion Gas D i s t i l  l a t e  Residuum Closure 

5 BB1* 300 20 13.5 3.6 8 92 

3 WYOl** 300 24 18 3.7 16 95 

3 POWl*** 300 16 4.3 6.4 14 96 

2 BB1 340 62 24 11.8 27 95 

1 W Y O l  340 51 30.5 2.0 17.5 94 

2 POW1 340 83 29 6.2 46 88 

2 BB1 380 77 2 9.3 40 92 

2 W Y O l  380 72 39 -3.0 35 95 

2 POW1 380 87 26 1.9 59 101 

Solvent was UNDERC CPU Run 66 01160 D i s t i l l a t e .  

**WYOl - Wyodak, Wyoming subbituminous coal ,  8.37% ash, 24.03% water. 
*BB1 - B ig  Brown Texas l i g n i t e ,  8.12% ash, 24.40% water. 

***POW1 - Powhatan, Ohio bituminous coal , 10.78% ash, 2 .0Z water. 

2 !s rY  
No 1 3 C  i nco rpo ra t i on  . i n t o  products o t h e r  than  C02 was detected a f t e r  react ions o f  
B ig B r  n Texas l i g n i t e ,  Wyodak subbituminous coa l ,  o r  Powhatan bituminous coal w i t h  
50/50 *'CO/CO a t  300°, 340' or 380°C i n  recyc le  so lvent  f o r  1 hour. No evidence f o r  
a Fischer-Tropsch type mechanism, CO i n s e r t i o n ,  o r  carbonylat ion reac t i ons  was 
found. 

These data a re  cons is ten t  w i t h  a mechanism i n v o l v i n g  CO enter ing i n t o  the  s h i f t  
reac t i on  w i th  i n  s i t u  water. The d i f f e r i n g  response o f  t h e  coa ls  can be explained 
by invoking c o a l a s h  l i q u e f a c t i o n  and s h i f t  c a t a l y s i s  and t h e  amount o f  water 
i n t i m a t e l y  connected with each coal  ( 1 3  14). The change i n  response by PoJlatan a t  
h ighe r  temperatures may be due t o  a s i d t m e c h a n i s m  i n i t i a t e d  by water released from 
thermal reac t i ons  (12). The success o f  l ow  temperature CO l i q u e f a c t i o n  would no t  be 
unexpected i f  a s h 7 f t  r e a c t i o n  mechanism were i n  operat ion s ince  t h e  equ i l i b r i um 
constant f o r  t h e  s h i f t  r e a c t i o n  favo rs  H2 and C02 a t  lower temperatures. 
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F i g u r e  3. Gaseous product d i s t r i b u t i o n  a t  300°C fran r e a c t i o n s  w i t h  50/50 13CO/0. 
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In continuous coal liquefaction operations, the recycle vehicle has several 
functions. First, it serves as the medium in which to slurry the fresh coal feed 
and transport it through the preheater into the reactor. Second, it often acts as 
a source of hydrogen, i.e., it is a hydrogen donor. Much of the chemistry of coal 
liquefaction can be explained by reactions of hydrogen-donor vehicles with coal or 
the free radicals generated by thermolysis of coal, In the usual coal lique- 
faction process, much of the liquid product serves as recycle vehicle, since the 
slurry fed to the reactor is typically two parts recycle vehicle to one part coal. 
The throughput of coal for a given reactor might be increased if a lesser quantity 
of a readily available material could be substituted for the coal-derived recycle 
vehicle. One possible substitute would be water, at least as far as acting as a 
slurry medium for fresh cQal feed. 

Water has been used in the past in the liquefaction or the extraction of coal 
for a variety of reasons. When used in combination with carbon monoxide and a 
suitable catalyst, water was a source of hydrogen for the reduction of coal [1,2] .  
In this work, an organic solvent was frequently used in combination with water. 
Liquefaction under carbon monoxide has also been carried out with slurries com- 
posed of coal and either water or  aqueous base without an organic solvent [ 3 , 4 ] .  
In some cases, water served to carry dissolved metal salts used as homogeneous 
catalysts as well as acting as the liquefaction medium [ 5 ] .  Thus, the elimination 
of coal-derived recycle solvents commonly used in liquefaction in favor of water -- a simple, cheap, and readily available substitute -- has already been 
accomplished in the laboratory. In comparison with conventional organic lique- 
faction solvents, water has been shown to be quite effective when used in com- 
bination with HzS, in particular under synthesis gas rather than hydrogen [ 6 ] .  
Aqueous liquefaction using impregnated catalysts has also been combined in a 
single operation with supercritical water distillation to separate the oil and 
asphaltene from the coal char residue [7]. The results clearly show that the 
liquids produced by hydrogenation can be extracted by supercritical water and 
transported away from insoluble coal residues. It has also been shown that the 
simple treatment of coal with supercritical water in the absence of hydrogen or 
catalysts renders a substantial portion of the treated coal extractable by tetra- 
hydrofuran after the product was cooled and recovered from the autoclave [ a ] .  The 
amount of extract obtained depended on the density of the supercritical water. 
Higher yields were obtained when Coal was injected into supercritical water, thus 
providing a rapid heat-up of the coal, than when a coal-water slurry was heated to 
operating temperature. From these extraction studies, it is apparent that water 
is able to assist the diffusion and dispersal of liquefaction products and 
reactants. In addition to these roles, it has also been reported that water may 
directly participate as a reactant in the thermolytic chemistry of certain model 
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compounds. In the  presence of water, dibenzyl e ther  decomposes a t  400OC by both 
pyrolytic and hydrolytic pathways, the l a t t e r  leading t o  the formation of benzyl 
alcohol [ g ] .  The removal of nitrogen from heterocyclic compounds, such a s  
isoquinoline, was a l s o  reported t o  be accelerated i n  the  presence of supercr i t ica l  
water [IO]. 

Taken together,  these s tud ies  ind ica te  tha t  under various conditions,  super- 
c r i t i c a l  water may a c t  a s  a good l iquefac t ion  medium, dissolve or ex t rac t  coal- 
derived l iqu id  products, promote the cleavage of ce r t a in  bonds l i ke ly  t o  be found 
i n  coal,  pr0vid.e hydrogen through the water-gas s h i f t  reac t ion ,  and possibly 
a s s i s t  the  contacting of coal with ca t a lys t s  or  hydrogen. I t  has a l so  now been 
made clear by the successful preparation of coal-water mixtures for  d i r ec t  com- 
b u s t i o n  t ha t  pumpable s l u r r i e s  can be made a t  ambient conditions using a s  l i t t l e  
as 30% by weight of  water. The present study is intended t o  evaluate further the 
role of water, near or above its c r i t i c a l  temperature, i n  the conversion of coal 
to a liquefaction product. Spec i f ica l ly ,  we wish t o  determine whether it is 
possible, feas ib le ,  and, f i n a l l y ,  advantageous to  use water as a replacement for 
a l l  o r  pa r t  of the recycle vehicle used f o r  slurrying coal i n  conventional lique- 
faction prac t ice .  Since water is not a hydrogen donor in  the  usual sense, the 
behavior of other nondonors was a l so  examined. I t  should be pointed out that  for 
coal hydrogenation alone, no vehicle is needed. Much of the previous work on coal 
hydrogenation was done by simply subjecting dry powdered coal in batch un i t s  t o  a 
high pressure of gaseous hydrogen, sometimes under the influence of an impregnated 
ca ta lys t  [ 1 1 I .  

EXPERIMENTAL 

A multireactor consisting of f ive  individual microautoclaves, each of 
approximately 45-mL capacity and attached t o  a s ing le  yoke, was used to  study 
these reactions [12]. The e n t i r e  assembly was immersed rapidly in to  a preheated, 
f luidized sand bath,  allowing heat-up t o  reaction temperature i n  4-6 minutes. 
Immersion in  a second f lu id ized  sand bath held a t  room temperature provided rapid 
quenching. The autoclaves were ag i ta ted  by a rapid horizontal-shaking motion, 
assuring good mixing of heterogeneous, multiphase mixtures. Individual thermo- 
couples allowed continuous temperature monitoring of each microautoclave. For a l l  
experiments reported here, the reac tors ,  once pressurized, were isolated from the 
gas-handling manifold by a valve and a shor t  length of tubing of negligible 
volume. This prevented lo s s  of water from the reaction zone due to  condensation 
i n  the unheated portion of the  system. Separate experiments using d i f fe ren t  
reactors,  i n  which it was possible fo r  water to migrate t o  unheated regions of the 
system, indicated t h a t  such water l o s s  had a profound but e r r a t i c  e f f ec t  on 
measured values fo r  pressure and coal conversion, and generally led to  misleading 
data.  

The pressure a t  reaction temperature was not measured d i r ec t ly  in these 
experiments. Using van der Waal's equation, the p a r t i a l  pressure of water was 
estimated a s  1700 p s i  a t  3 8 5 O C  in those cases where 1.7 g of water was charged. 
When 3.4 g was charged, the  pa r t i a l  pressure was estimated a t  2670 p s i .  A t  t h i s  
temperature, the  p a r t i a l  pressure due to  hydrogen i s  estimated t o  be about 2600 
p s l .  Total pressures are  thus about 4300 p s i  o r  5300 p s i .  The density of super- 
c r i t i c a l  water was 0.05 g/mL when 1.7 g was charged and 0.11 g/mL when 3.4 g was 
charged. 

Table 1 gives t h e  analyses of the I l l i n o i s  No. 6 (River King Mine) bituminous 
coal and the vehicles used in these experiments. 

Most Of the conversion values were obtained by the centrifugation method 
given below. Conversions fo r  run 13 and the three s e r i e s  HD2, HD3, and HD4 were 
determined by a somewhat d i f f e ren t  method based on f i l t r a t i o n  of the insolubles. 
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TABLE 1. Elemental Analyses o f  Coal and Vehicles.a 

0 - N - H - Material C 

I l l i n o i s  No. 6 
Coal, River 73.7 5.6 1.5 14.8 
King Mineb 

SRC-I1 Distillate 87.1 8.0 1.4 3.0 

L m u s  VehicleC 89.8 6.8 1 .o 1.8 

s - 
4.5 

0.4 

0.5 

a ut.$, daf bas i s ,  Huffman Labs, Wheatridge, Colo. 

b Moisture-free ash content was determined to  be 13.6 ut.% for the  River 
King Coal. A s  used, the  coal contained 3 w t . $  water. 

c Obtained from operations of t he  integrated two-stage Lummus l iquefact ion 
plant a t  Bloomfield, N.J., on I l l i n o i s  No. 6 coal. 

Separate experiments es tabl ished t h a t  similar values were obtained by both 
methods. 

Following gas co l l ec t ion  and measurement via water displacement, the  r eac to r s  
were washed out  with tetrahydrofuran (THF) together with physical scraping of t he  
reactor walls. The THF was d i s t i l l e d  before use t o  remove the inh ib i to r .  The 
reactor and contents were sonicated t o  a id  t h e  dissolut ion and/or dispers ion of 
the  products i n  THF. . This was repeated u n t i l  t he  THF solution was c l ea r  and t h e  
reactor tare weights before and af ter  reac t ion  agreed t o  within 20.01 gram. The 
total  volume of THF so accumulat,ed (-300 mL)  was evaporated i n  a hood to a volume 
of about 50 mL and t ransferred t o  a tared 250 mL centrifuge bot t le .  Additional 
THF was added t o  bring each volume up t o  -15Q,pL, and t h e  bo t t l e s  were centr i fuged 
a t  3500 rpm for 20 minutes. The THF so lu t ion  was then decanted and an add i t iona l  
150 mL of THF was added to each residue i n  the b o t t l e  with s t i r r i n g .  This 
centrifugation/decan t ion/solvent addition sequence was repeated u n t i l  the opaque 
solution became a m b v  and opalescent. Experience indicated t h a t  such process 
was necessary twice ( ' in t h e  higher conversion runs  and up t o  5 times with lower 
conversions. The r'esidues (THF-insolubles) were' then dried overnight i n  t h e i r  
bo t t l e s  i n  a vacuum oven at llO°C under an aspirator-maintained vacuum. The oven 
was purged with nitrogen u n t i l  the  temperature$was below 60OC, and the  b o t t l e s  
with residues were allowed t o  cool i n  a i r  and were then weighed. The percent con- 
version was equal t o  

w t .  THF-insoluble residue - w t .  ash 

w t .  moisture, ash-free coal 
x 100 - 

The reproducibil i ty was usually within 1-2%. 

The THF so lu t ions  obtained from the  above procedure were roto-evaporated 
under an asp i ra tor  vacuum in  tared,  250-mL round-bottom flasks.  When no more 
solvent was seen t o  condense, the  f l a sks  were dr ied  and the THF-soluble products 
were thus obtained. In some cases,  cyclohexane solubles were i so la ted  using a 
similar procedure. The THF ex t r ac t s  were t ransfer red  t o  250-mL centr i fuge tubes 
with 25.0 2 1 mL of hot THF with the  a id  of  sonication. To these so lu t ions ,  
125 mL of cyclohexane was added and the  centrifugation process employed, followed 
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by a second ex t rac t ion  with an addi t iona l  150 mL of pure cyclohexane. The 
ex t rac ts  were recovered by roto-evaporation of the so lu t ions  and drying i n  t h e  
vacuum oven a t  llOo overnight.  

For a typ ica l  run, the gas ana lys i s  showed COz and HzS were the major gases 
produced, along with t h e  much lesser amounts of methane, ethane, and propane. The 
y ie lds  for  one run were 4.2 wt.5 fo r  C O z ,  and 0 .3  w t . %  each fo r  methane, ethane, 
and propane, on a daf coa l  bas i s .  

In experiments 6E and 6F of Table 3, where a coal/water/catalyst  s lu r ry  was 
used, the procedure was a s  follows. Catalyst  was added t o  8.5 mL of solution of 
200 ppm Aerosol OT su r fac t an t  (American Cyanamid) i n  water i n  a round-bottom 
f l a sk ,  and the  mixture slowly added t o  10 g coal with physical m i x i n g ,  followed by 
immersion in a sonic bath f o r  5 minutes, followed by ro ta t ion  on a roto-evaporator 
a t  atmospheric pressure while submerged i n  a ice  bath fo r  15 minutes. This s l u r r y  
did not appear t o  sett le with t i m e .  The s lu r ry  was mixed by hand again j u s t  p r ior  
t o  transfer of 7.4 g t o  the microautoclave. In experiment 6D, an aqueous solution 
of ca ta lys t  was added to  the coal in  the autoclave; and i n  6C,  6H,  and 65, a 
solution of ca t a lys t  containing 200 ppm Aerosol OT was added. In experiment 6 K ,  a 
slurry made as i n  6E and 6F above was dried i n  a vacuum oven before use. In 
experiment 61, such a dr ied  s lur ry  was added t o  the autoclave with f resh  water. 

RESULTS AND DISCUSSION 

Table 2 shows the  r e su l t s  of runs made to  measure conversion of I l l i n o i s  
No. 6 (River King Mine) bituminous coal under a var ie ty  of conditions selected to 
uncover e f f e c t s  of water addition. Since t h i s  work was directed toward replacing 
or reducing the  amount of organic recycle vehicle normally employed, a l l  of the 
experiments reported here were conducted with the r e l a t ive ly  low vehicle-to-coal 
r a t io s  of 0.5 or less. Experiments w i t h  higher r a t i o s  showed no be t te r  con- 
versions. A s  may be seen, without addition of water, conversions f o r  these high 
coal-content s l u r r i e s  are qu i t e  low a t  the very moderate reaction temperatures 
employed. The addi t ion  of 0.42 pa r t s  water based on coal ( the amount contained in 
a 70/30 coal/water s l u r r y )  increases conversion s igni f icant ly .  Evidently, reason- 
ab le  conversions can be  obtained using t h i s  m i n i m a l  amount of water provided t h e  
loading of  recycle vehic le  is not too low, tha t  is 1.6 g or above i n  the case of 
HD3-1, -2, and -3. We a l s o  note tha t  under these mild, non-catalytic conditions 
the nature of the reducing gas had l i t t l e  e f f e c t ,  s ince  i n  one experiment (HD4-2), 
the subs t i tu t ion  o f  carbon monoxide for  hydrogen had l i t t l e  e f f ec t  on t h e  con- 
version. The use of t he  more severe conditions of 1200 p s i  hydrogen (cold) and 
427OC produced a small increase in conversion a s  expected (13 and HD2-3). How- 
ever,  variables other than reaction sever i ty  may have more s ign i f i can t  e f f ec t s ,  
since s t i l l  higher conversions were obtained at 385OC by appropriate choice of t he  
organic vehicle,  a s  discussed l a t e r .  

A second series of experiments was run under conditions chosen t o  reveal the  
effect  of the nature of  the organic vehicle used i n  noncatalytic aqueous l ique- 
faction. In a general  way, conversions increased moderately a s  the organic 
vehicle was changed from one usually considered to  be a poor hydrogen donor 
( 1-methylnaphthalene) t o  vehicles considered t o  be be t te r  hydrogen donors 
( t e t r a l i n  and 9,lO-dihydroanthracene) . Thus, the usual concepts of hydrogen-donor 
l iquefaction chemistry may a l so  be applied usefully to  t h i s  s e r i e s  of l e s s  con- 
ventional l iquefac t ion  systems. 

If good conversion i n  a noncatalytic system requires a m i n i m a l  amount of an 
organic vehicle and a l s o  benefits  from the addition of some water, i t  is 
reasonable to  ask i f  the combination of organic vehicle and water is superior t o  
e i ther  used separa te ly .  The f i n a l  s e t  of experiments in  Table 2 indicates t h a t  
t h i s  is the  case.  Conversion was poor without e i the r  (HD29-4), much improved with 
water alone (HD29-3), and still  be t te r  with SRC-I1 d i s t i l l a t e  vehicle alone 

c 
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(HD19-3,4). A combination of SRC-I1 distillate and water (HD18-3.4) produced a 
conversion better than either used separately. 

Cyclododecane is a high-boiling hydrocarbon expected to be a poor hydrogen 
donor. When it was used as a nondonor vehicle, the conversion fell between the 
value for water and that for SRC-I1 distillate used in a lesser amount. When used 
in combination with SRC-I1 distillate, the conversion was not improved over that 
of SRC-I1 distillate alone. This stands in contrast to the result obtained for 
the combination of SRC-I1 distillate plus water. This different behavior 
indicates that addition of the second component to SRC-I1 distillate is not acting 
simply to dilute the relatively small amount of the recycle vehicle used in these 
experiments. 

Table 3 contains data for the catalytic liquefaction of coal in the presence 
of water. When various forms of molybdenum are added to the coal, conversions are 
substantially increased. Clearly, high temperatures are not required for these 
molybdenum catalysts to influence liquefaction. More important, with catalyst 
present, the organic vehicle may be totally replaced by water without loss in con- 
version. As was seen in Table 2, this result was not obtained in the absence of 
catalyst. The important function of water is also underscored by the rather low 
conversion obtained with added catalyst but with no vehicle of any kind, i.e., a 
dry hydrogenation (6K). 

Conversion increases continually with catalyst loading up to at least 
1000 ppm molybdenum on coal (6A, HD30-1, -2, -3). Of the several methods used for 
application of the catalyst, none seemed to give notably superior results insofar 
as THF conversion values are concerned. However, there are indications now under 
study that the yield of lighter products may change significantly according to the 
method of catalyst application. 

The surfactant, Aerosol OT, used to assist the preparation of 
coal/water/catalyst feed slurries had a small beneficial effect on conversion in 
both the presence of catalyst (HD30-4 vs. HD30-1) and the absence of catalyst 
(HD29-3 vs. 6A). At this point, it is only possible to speculate that the 
surfactant enhances the action of the water by improving the wetting of the coal. 

In one case (6F), a low-boiling ether, THF, was substituted for water. The 
conversion was unexpectedly high, albeit the catalyst loading was twice that used 
with water. Tetrahydrofuran is quite effective in swelling River King coal at 
room temperature. The connection between this property and the liquefaction 
result is presently unclear, but investigation of a series of lower molecular 
weight vehicles may shed more light on the structural requirements for superior 
performance. These and related experiments are in progress. 

Table 4 gives the data for analyses of the THF-solubles isolated from runs 
HD19-1,2 in which 1000 ppm Mo was used as catalyst in conjunction with surfactant. 
Except for the higher-than-usual oxygen content, these are typical analyses for a 
coal liquefaction product. The infrared spectrum of the cyclohexane solubles 
obtained from a dilute CHZClz solution shows that about 2.1 wt.% of oxygen is in 
phenolic OH and the remaining 5% is presumably in ethers. The carbon aromaticity 
of the THF solubles was determined by 13C-CP/MAS NMR to be 0.72, which is 
virtually identical to that of the feed coal. The data for characterization of 
the products in hand so far are in accord with the rather mild conditions used to 
bring about the conversions. 

The preliminary results obtained so far form a basis for an encouraging 
outlook on liquefaction with water o r  other nondonor vehicles. High coal 
conversions were obtained at modest temperatures with use of little or no organic 
recycle vehicle. Thus, it is possible and feasible to use water as a substitute 
liquefaction medium. The advantage in doing so in continuous units is still to be 

363 



I 
I 

TABLE 4. Elemental Analyses and Molecuiar Weights 
of HD19-1,2 Product Fractions. 

Elemental Cyclohexane Tetrahydrofuran Tetrahydrofuran 
Analysis (wt.%) Solubles SolublesC Insolubles' 

C 82.9 a i  .a 24.5 

H 7.3 5.9 1.4 

0 7.1 7.3 7.5 

N 1.2 1.9 0.5 

s 1.8 1.9 6.9 

Ash (wt.%), 7500C --- --- 66.2 

Molecular Weight, fin 1300d 

a Huffman Laboratories, Wheatridge, Colo. 

Average of duplicate microanalyses. 

Dried to constant weight @ 3OoC under vacuum before analysis 

VPO in pyridine at 90OC. 

demonstrated. At the least, a different line of investigation is now open whereby 
important questions regarding the mechanism of liquefaction may be addressed. 
Since no organic vehicle need be used, the coal-derived products of liquefaction 
may be analyzed without interference. At the same time, the presence of a fluid 
medium provides better heat transfer and better dispersion of the reactants than 
possible with dry hydrogenations. It is expected that further work will be fruit- 
ful by determining how the course of liquefaction is affected by the chemical and 
physical properties of water or other nondonors and by uncovering the important 
variables associated with the use of dispersed catalysts at mild liquefaction 
temperatures. 
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AQUEOUS LIQUEFACTION OF ILLINOIS NO. 6 COAL 

Bogdan Slomka, Te tsuo  Aida, 
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Iowa S t a t e  Un ive r s i ty  

A m e s ,  Iowa 50011 

INTRODUCTION 

Near i t s  c r i t i c a l  p o i n t  ( T ~  = 3 7 4 O c ,  pC = 2 1 8  a t m . ) ,  w a t e r  i s  a 
good s o l v e n t  f o r  o r g a n i c  (1) a s  w e l l  a s  i no rgan ic  m a t e r i a l s  whi le ,  a t  
a m b i e n t  c o n d i t i o n s ,  mos t  o r g a n i c s  a r e  i n s o l u b l e  i n  w a t e r .  Water i s  
a l s o  t h e r m a l l y  s t a b l e ,  e v e n  a t  t e m p e r a t u r e s  above  45OoC, and h a s  a 
l a r g e  h e a t  capac i ty .  F i n a l l y ,  water  i s  very  cheap compared t o  o the r  
s o l v e n t s .  

By v i r t u e  of  t h i s  c o m b i n a t i o n  of  p r o p e r t i e s ,  w a t e r  h a s  g r e a t  
p o t e n t i a l  a s  a s o l v e n t  f o r  c o a l  l i q u e f a c t i o n  and has  drawn t h e  a t t e n -  
t i o n  of a number of  i n v e s t i g a t o r s  i n  r e c e n t  y e a r s  ( 2 - 6 ) .  These  r e -  
s e a r c h e r s  have e s t a b l i s h e d  a number of advantages  f o r  water  inc luding:  

i. Ease of s e p a r a t i o n  of s o l v e n t  and product ;  
ii. Minimal cha r  product ion  ( 2 ) ;  

iv. R e l a t i v e l y  high l i q u e f a c t i o n  y i e l d s .  
iii. U s e  of s o l u b l e  c a t a l y s t s  ( 3 , 4 ) ;  and 

R e c e n t l y ,  w e  d e v e l o p e d  a un ique  f l o w  mode r e a c t o r  ( 7 )  which has  
enabled u s  t o  i s o l a t e  p rocesses  c o n t r i b u t i n g  t o  c o a l  l i q u e f a c t i o n  and 
t o  i n v e s t i g a t e  them dynamically.  Using t h i s  r e a c t o r  w i t h  a v a r i e t y  of 
s o l v e n t s ,  w e  e s t a b l i s h e d  3OO0C a s  t h e  t h r e s h o l d  t empera tu re  f o r  t he r -  
mal c h e m i c a l  s o l u b i l i z a t i o n  of I l l i n o i s  N o .  6 Coal ;  and i n  t h e  3 6 0 -  
42OoC range ,  w e  ob ta ined  convers ions  ranging  from 1 5 %  i n  hexane t o  44% 
i n  toluene. 

Our r e c e n t  i n v e s t i g a t i o n s  have  f o c u s e d  on t w o  i m p o r t a n t  com- 
ponents of c o a l  convers ion:  thermal  chemica l  r e a c t i o n s  and d i s s o l u t i o n  
of  coa ly  m a t e r i a l  ( i n c l u d i n g  the rmolys i s  products )  i n  t h e  so lven t ;  and 
we a r e  e x p l o r i n g  t h e  e f f e c t s  of t e m p e r a t u r e  and p r e s s u r e  on t h e s e  
processes .  Here, w e  r e p o r t  t he  i n i t i a l  r e s u l t s  of ou r  i n v e s t i g a t i o n  
of t hese  e f f e c t s  i n  t h e  aqueous l i q u e f a c t i o n  of coa l  and compare these  
r e su l t s  t o  t h o s e  o b t a i n e d  w i t h  o t h e r  so lven t s .  

EXPERIWNTAL 

General 

I l l i n o i s  N o .  6 c o a l  f rom t h e  A m e s  Lab Coal L i b r a r y  w a s  used i n  
t h e s e  s t u d i e s .  T h i s  c o a l  h a s  t h e  f o l l o w i n g  u l t i m a t e  a n a l y s i s  (dmmf 
b a s i s ) :  78 .82% C ;  5 .50% H; 1 . 5 9 %  N ;  2 .29% So, ; and 1 0 . 0 5 %  a s h .  P r i o r  
t o  use ,  t h i s  c o a l  was  g round ,  s i z e d  t o  60  2 1 0 0  mesh, and d r i e d  a t  
l l O ° C  o v e r n i g h t  u n d e r  vacuum. C o n v e r s i o n s  were  measured  g r a v i -  
m e t r i c a l l y  and a r e  r e p o r t e d  a s  % w e i g h t  l o s s  on  a raw c o a l  b a s i s .  

*Opera t ed  f o r  t h e  U.S. Depa r tmen t  of Energy  by Iowa S t a t e  U n i v e r s i t y  
under c o n t r a c t  No .  W - 7 4 0 5-Eng - 8 2. 
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Flow E - d e  Ext rac  i nofC 
The l i q u e f a c t i o n  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  i n  t h e  a p p a r a t u s  

shown s c h e m a t i c a l l y  i n  F i g u r e  1. T y p i c a l l y ,  t h e  r e a c t o r  w a s  l o a d e d  
w i t h  500 mg. of c o a l  ( l e a v i n g  a f r e e  volume of  0.70 m l ) ;  and  t h e  
s y s t e m  was f i l l e d  w i t h  s o l v e n t  and b r o u g h t  t o  o p e r a t i n g  p r e s s u r e  
( u s u a l l y  3000 p s i ) .  Heating ( r a t e  A 150°C/min) and s o l v e n t  f low (1.0 
ml/min) w e r e  i n i t i a t e d  s imul taneous ly ;  and c o n s t a n t  t empera tu re  and 
p r e s s u r e  were a t t a i n e d  w i t h i n  t h r e e  minutes. E x t r a c t i o n  was cont inued  
f o r  one o r ,  i n  some c a s e s ,  two hours. I n  some exper iments ,  c o n d i t i o n s  
were changed  a t  p r e d e t e r m i n e d  p o i n t s  d u r i n g  t h e  run. A f t e r  c o o l i n g  
and f l u s h i n g  w i t h  n i t rogen ,  t h e  r e s i d u e  was removed from t h e  reactor, 
d r i e d  a t  llO°C overn igh t  under vacuum, and weighed. 

RESULTS AND DISCUSSIONS 

The advantages of t h e  F l o w  Mode E x t r a c t o r  used i n  t h e s e  e x p e r i -  
ments has  been e s t a b l i s h e d  i n  a prev ious  r e p o r t  from t h i s  l a b o r a t o r y  
(7). These advantages are analogous t o  those  r e p o r t e d  f o r  o t h e r  r a p i d  
h e a t i n g ,  c o n t i n u o u s  p r o d u c t  r emova l  t e c h n i q u e s  (e.g. h e a t e d  g r i d  
vacuum p y r o l y s i s  (8)) and i n c l u d e  s u p p r e s s i o n  of  r e t r o g r e s s i v e  
r e a c t i o n s  and dynamic  o b s e r v a t i o n  of  c h a n g e s  which  o c c u r  d u r i n g  t h e  
cour se  of t h e  conversion. 

Flow Mode E x t r a c t i o n  of Coal w i t h  Water -- 
Our i n i t i a l  e x p e r i m e n t s  were c o n d u c t e d  f o r  t h e  p u r p o s e  of  com- 

p a r i n g  aqueous  e x t r a c t i o n  y i e l d s  t o  t h o s e  wh ich  had been  o b t a i n e d  
us ing  a s e r i e s  of nominal ly  u n r e a c t i v e  o rgan ic  s o l v e n t s  (9).  F igu re  2 
shows a c o m p a r i s o n  of t h e  e x t r a c t i o n  y i e l d s  f o r  t h e s e  s o l v e n t s  a t  
42OoC and 3000 p s i  w i t h  t h a t  of water a t  4OO0C and 3580 ps i .  C l e a r l y ,  
water  i s  one of t h e  b e s t  "nonreac t ive"  s o l v e n t s  f o r  t h e  the rma l  l i que -  
f a c t i o n  of c o a l .  T h i s  c o n c l u s i o n  a l s o  h o l d s  a t  370 and  4 O O 0 C ,  t h e  
o t h e r  tempera tures  inc luded  i n  t h i s  i n v e s t i g a t i o n .  

W e  c a n  f i n d  o n l y  one  b a s i s  f o r  compar ing  b a t c h  and  f l o w  mode 
sys tems i n  t h e  aqueous l i q u e f a c t i o n  of I l l i n o i s  No. 6 Coal. A t  4OO0C 
Vasi lakos  r e p o r t s  ba t ch  mode convers ions  of 34.0% (3580 p s i )  and 29.5% 
(3070 p s i )  ( 1 0 ) .  Under i d e n t i c a l  c o n d i t i o n s  i n  o u r  r e a c t o r ,  w e  f i n d  
e x t r a c t i o n  y i e l d s  of 38.2% and 33.6%, r e spec t ive ly .  

Temperature and P r e s s u r e  E f f e c t s  on Aqueous L ique fac t ion  

Because  of t h e  u n u s u a l l y  h i g h  c r i t i c a l  p r e s s u r e  o f  water  ( P c  = 
3206 p s i ;  c f .  b e n z e n e :  P c , =  716 p s i ) ,  i n t e r e s t i n g  t e m p e r a -  
ture/pressure/conversion r e l a t l o n s h i p s  were expected f o r  aqueous ex- 
t r a c t i o n  of coa l .  The e f f e c t s  of t empera tu re  and p r e s s u r e  on conver- 
s i o n  a r e  r e p o r t e d  i n  T a b l e  1. T r e n d s  i n  t h i s  b e h a v i o r  a r e  more 
a p p a r e n t  i n  F i g u r e  3 which  p l o t s  c o n v e r s i o n  vs.  d e n s i t y  f o r  a s e r i e s  
of isotherms. 

A t  37OoC, convers ion  begins  t o  dec rease  q u i t e  r a p i d l y  as t h e  den- 
s i t y  a p p r o a c h e s  0.15 g / m l ,  and  w e  b e l i e v e  t h a t  t h e r e  a re  s i m i l a r  
" th re sho ld"  d e n s i t i e s  a t  t h e  h ighe r  tempera tures .  However, p r e s s u r e s  
f l u c t u a t e d  w i l d l y  du r ing  t h e  l a t t e r  exper iments ,  and w e  were unable  t o  
o b t a i n  m e a n i n g f u l  d a t a  unde r  t h e s e  c o n d i t i o n s .  I n  t h e  low d e n s i t y  
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T a b l e  1. E f f e c t  of T e m p e r a t u r e  a n d  P r e s s u r e  on the Aqueous  
E x t r a c t i o n  of I l l i n o i s  No. 6 Coal  

Expt. Temperature P r e s s u r e  Densi tya Weight Loss 
NO. (OC) ( p s i )  ( g / m l )  ( $ 1  

1 6  
17  
1 8  
22 
11 
2 1  
19  
20 

3 70 
3 7 0  
3 7 0  
380  
3 8 0  
3 8 0  
400  
4 0 0  

a.  For pure  water (11). 

1 9 2 5  
2 9 5 0  
3 2 0 7  
2 9 5 0  
3 2 2 0  
3 7 5 0  
3 0 7 0  
3 5 8 0  

0 . 0 6 1  
0 . 1 5 1  
0 .485  
0 .128  
0 .174  
0 . 4 8 2  
0 . 1 1 3  
0 . 1 6 3  

1 4 . 6  
3 1 . 8  
3 4 . 9  
3 4 . 3  
35 .4  
35 .6  
33 .6  
38 .2  

r e g i o n ,  it a p p e a r s  t h a t  c o n v e r s i o n  i s  l i m i t e d  by s o l u b i l i t y  s i n c e  
t h e r m a l  p r o c e s s e s  s h o u l d  p r o c e e d  a t  a b o u t  t h e  same r a t e  unde r  b o t h  
h i g h  and l o w  d e n s i t y  c o n d i t i o n s .  

Our f i n a l  se r ies  o f  e x p e r i m e n t s  were  d e s i g n e d  t o  d e t e r m i n e  
w h e t h e r  t h e  " e x t r a c t "  r e m a i n i n g  i n  t h e  low d e n s i t y  r e s i d u e  a f t e r  
e x t r a c t i o n  f o r  one h o u r  a t  37OoC and  1 9 2 5  p s i  w a s  r e c o v e r a b l e  by 
s i m  l y  i n c r e a s i n g  t h e  p r e s s u r e  t o  2 9 5 0  p s i .  W e  s u s p e c t e d  t h a t ,  a t  
3 7 0  C ,  much of  t h i s  material would be f i x e d  by r e t r o g r e s s i v e  r e a c t i o n s  
dur ing  the  p e r i o d  of low d e n s i t y  e x t r a c t i o n .  S u r p r i s i n g l y ,  i n  a t w o  
s t a g e  e x p e r i m e n t  a t  37OoC ( f i r s t  s t a g e  1 9 2 5  p s i ,  e x t r a c t i o n  t ime 1 
h o u r ;  s e c o n d  s tage  2 9 5 0  p s i ,  e x t r a c t i o n  t i m e  1 h o u r ) ,  w e  o b t a i n e d  a n  
e x t r a c t i o n  y i e l d  of  3 1 . 6 %  compared  t o  31.8% c o n v e r s i o n  f o r  o n e  s t a g e  
e x t r a c t i o n  a t  2 9 5 0  p s i .  W e  a re  p u z z l e d  by t h i s  b e h a v i o r  and  p l a n  t o  
cont inue  our i n v e s t i g a t i o n s  by ana lyz ing  products  a t  d i s c r e t e  i n t e r -  
v a l s  d u r i n g  t h e  c o u r s e  of t h e  conversion.  

8 
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FIGURE 2 .  Solveg t  E x t r a c t i o n  of I l l i n o i g  N o .  6 Coal a t  
4 2 O o C  and 3000 p s i a  ( 2  Hours ) 

a .  Aqueous e x t r a c t i o n  conducted a t  4 O O 0 C ,  3580 p s i .  

b. Benzene and water  e x t r a c t i o n s  r e p o r t e d  for 1 hour .  
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